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Introduction and Method 

Observations made hitherto by diflerent workers on the relation between 
of carbon dioxide and the rate of its assimilation by plants are 
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not entirely harmonious, and it seems possible that much of the apparent 
disagreement may be due to the differences in the experimental conditions 
which have been used. In recent work on aquatic plantB, bicarbonate solutions 
have been freely utilised as method of supplying carbon dioxide, instead of the 
carbon dioxide solutions of earlier workers. For these methods to be directly 
comparable with one another it must be assumed that only carbon dioxide 
present in the free form is assimilablo by the plant, and that HCO a ions and 
undissociated salts (NaHCOj, etc.) are not available. This assumption has been 
supported by Nathansohn, 1907 (13), Benecke, 1921 (3), and Wilmott, 1921 (23), 
hut opposed by Angelstein, 1911 (1), Osterhout and Haas, 1918 (14), anil 
ttuttner, 1921 (16). 

The present paper records an attempt to reinvestigate this problem by means 
of a method whioh allows direct comparisons to be made between these two 
types of solution. Each solution has been investigated over a range of con¬ 
centrations, and using varying intensities of light. Attention has also been 
given to the rate of flow of the solutions over the assimilating plant. In this 
way a collection of assimilation values under precisely defined conditions has 
boen built up, which helps a oloser understanding of the interaction of 
factors in this process, and enables us to get a clearer picture of the essential 
differences between carbon dioxide and bicarbonate solutions as media for 
assimilation. 

Widely contrasted methods used in the past are those of Blaokman and Smith 
(6) and Harder (10). The former used solutions of carbon dioxide flowing con¬ 
tinuously over the plant from a reservoir, while the latter used small volumes of 
bicarbonate solutions which remained at rest. The relations of assimilation 
to varying concentrations of the solutions recorded by these two methods 
appeared to have little in common. The method of Harder, 1921 (10), is simple 
and easily oopied, and some preliminary experiments done at the outset of this 
investigation showed that his results were readily repeatable. This being 
established, it was proposed to devise an apparatus that would permit oloser 
investigation of the Harder type of curves. 

Several systems were considered and experimented with in a preliminary 
manner, but the only principle whioh offered any considerable prospect of 
success was that used by Blackman and Smith in 1911 (6), which allowed a 
continuous current of solution to be passed over the plant material. While 
the maintenance of approximately constant gas concentrations was secured by 
their method, the modifications required for this special research, in which oxygen 
production and not carbon dioxide consumption was to be measured, developed 



Vegetable Assimilation and Respiration. 3 

virtually a new apparatus and practice. Some description is, therefore, 
necessary. 

As finally constituted the apparatus consisted of three principal parts: (a) 
a plant chamber, ( b) a reservoir supplying the inflowing solution, and (o) a 
receiver which collected the outflow for analysis. 

(a) The Plant Chamber. 

In the initial experiments the original chamber described and used by Black- 
man and Smith was utilised. This, however, was found to be unsatisfactory 
for the present purpose, as the wax with which it had to be lined absorbed a 
measurable quantity of oxygen during the experiment. A chamber, entirely 
of glass, was therefore constructed, and contact of the solution with rubber 
was reduced to a minimum throughout the apparatus. 

The new chamber was designed as follows: A flat-sided glass flask, about 
14 X 6 x 2 oms. was fitted with an inlet tube of medium bore, which reached 
to the far end. The tip of the tube was sealed off, and four small lateral holes 
of equal size were pierced near the tip. At the stopper end the tube was sealed 
into a short tube of wider bore, which had an outlet on its upper side. The wide 
tube fitted into the neck of the chamber by a rubber stopper, the narrow surface 
of which, in contact with the solution, was coated with a thin film of high- 
melting-point paraffin wax. The figure (fig. 1, p. 5, G) shows how the inlet 
and outlet tubes were arranged for convenient connection with the other parts 
of the apparatus. 

By tests with a slow flow of tinted water into the colourless water of the 
chamber, it could be demonstrated that the incoming solution displaces the latter 
in a smooth, steady flow from base to neck of the chamber. Constant con¬ 
ditions of temperature were obtained by immersing the chamber in a thermostat 
with a toluol regulator, which normally maintained the temperature constant 
within 0*1° C. Light was supplied by incandescent electric lamps, one of 
1600 o.p. and another of 300 c.p. The intensity was regulated by sliding them 
up or down a tall stand, and was measured by means of a Moll thermopile, en¬ 
closed in a glass jar and immersed beside the plant chamber. Between the lamp 
and the thermostat tank a glass-bottomed dish was supported, and a current 
of cold water passed through it to cut off the heat given out by the lamp. The 
level of the water in the bath was kept constant by an automatic siphon, so that 
its absorption of radiation should not fluctuate. 
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(6) The Reservoir of Inflowing Solution. 

It was a great gain to have duplicate reservoirs of solution, arranged so that 
either could be drawn upon by simply turning a tap (fig. 1, e). Each reservoir 
consisted of an inverted bell jar (fig. 1, B and C), fitted below with a rubber cork 
pierced for three tubes, one connected through the three-way tap (e) with the 
other parts of the apparatus, one for a supply tube (fig. 1, a) for filling the 
reservoirs, and the third for drawing off samples for analysis (fig. 1, b and c). 
The upper end of the bell-jar had a ground edge and was dosed by a glass plate 
and a vaseline joint. The plate had a cork, fitted with inlet and outlet tubes 
through which a current of gas from a pressure cylinder could be kept flowing, 
when desired. When carbon dioxide-free water was put into the reservoir, 
a soda-lime tube was attached, so that air, freed from the gas, could be sucked 
in by the fall of the liquid level as the solution was used up. In most cases it 
was not found practicable to ensure a strict equilibrium between the dissolved 
gases in the experimental solutions and the atmosphere above them in the 
reservoirs. In some cases thiB was due to the smallness of the amount of dis¬ 
solved carbon dioxide used. When the water was actually carbon dioxide 
free, or in equilibrium with the atmospheric concentration, no difficulty arose on 
this account, but even then the oxygen concentration, which could not be uadi 
at “ air equilibrium,” introduced a further complication.* To reduce loss or 
gain of these significant gases by diffusion across the interphase surface, a 
paraffin-wax float was made to fit inside each reservoir. These floats rested on 
tho solution and rose and fell with its surface, reducing the contact of air and 
liquid to a small nng round their edges, as the reservoirs had been selected for 
their true cylindrical form 

Trial experiments with the final form of the apparatus showed that adequate 
protection had been attained against extraneous diffusion changes. Direct 
titration of the oxygen content of solutions standing m the reservoirs showed no 
drift with time, and prolonged series of constant assimilation results indicated 
that the carbon dioxide content also kept constant. 

After leaving the reservoir on its way to the chamber the solution was passed 
through a U-tube (fig. 1, E), designed to maintain a constant rate of flow. The 
farther arm of this was wide, and opened at the top into a small inverted oup 
with a narrow opening above and an overflow tube passing through the rubber 
cork forming its bottom. About 6 inches below the open end of the U-tube a 

* Nitrogen equilibria were not considered important, except that experience showed 
that if the nitrogen content of tho water were allowed to get too high, free babbles were 
formed in the apparatus, which would oarry off some oxygen and carbon dioxide with them. 
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narrow side tube was fitted, which led to the plant chamber through a length 
ofjcapillary (fig. 1, F). The three-way tap controlling the liquid supply was 



Fig. 1.—The Assimilation Apparatus (for lettering see text). 


turned on just sufficiently to cause the solution to overflow slowly at the open 
end of the U-tube and so pass away through the waste tube to a flask. This 
arrangement ensured a constant head of water, independent of the falling level 
in the reservoir, and only needed occasional adjustment of tap e for economical 
working. 
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(c) The Receiver of the Outflowing Solution. 

The solution supplied by the reservoirs was collected, after poking through 
the plant chamber, in a pair of pipettes, each of 200 c.c. capacity. The arrange¬ 
ment was similar, with only minor modifications, to that used by Blackman and 
Smith. The pipettes were individually mounted on vertical slides and connected 
to the three-way tap (fig. 1, H), leading from the plant chamber, by glass tubes 
with rubber connections allowing a small degree of mobility. The overflow 
arrangements at their upper ends were covered in (fig. I, J and K) to minimise? 
the chances of the entry of dust and bacteria. 


The Solutions. 

Solutions of varying strength of carbon dioxide and sodium bicarbonate 
were employed. They were made up in distilled water which was freed 
from atmospheric gases by boiling' in 2-litre flasks. After boiling it was 
allowed to cool in the flasks with soda-lime tubes inserted in their stoppers. 
Besides freeing the water from carbon dioxide it was also of fundamental 
importance to keep down the oxygen content, so that, even with fairly high 
production of oxygen in the assimilation, no free bubbles of gas were formed 
in the chamber, which would entirely invalidate the experiment. Also variable 
oxygen-content of the inflowing solution would be a disturbing factor on aocount 
of its effect on the respiration rate. To control the gas contents of the prepared 
water it was stood over night in a large bottle maintained at 25° C. with a •current 
of carbon dioxide-free air bubbling through it. 

To prepare the carbon dioxide solutions, about half a litre of distilled water 
was thoroughly mixed on a mechanical shaker with well-washed carbon dioxide 
from a Kipp. This concentrated solution was titrated by the baryta method 
and a suitable amount diluted to the concentration required with the water 
prepared as described. The solutions were made up in 2-, 3-, or 4-litre lots, 
usually about 10 to 30 c.c. per litre of the strong solution being required. 
Sodium bicarbonate solutions were prepared in similar quantities, simply by 
dissolving the amount of salt required according to the calculations in the 
following paragraph, in the specially prepared water. The measuring flask 
or bottle was then connected with one of the reservoirs of the apparatus 
(fig. 1, A) and the solution allowed to run into it. 



7 


Vegetable Assimilation and Respiration. 

The Concentration of Free Carbon Dioxide in Solutions of Sodium Bicarbonate. 
Sodium bicarbonate, in solution, gives rise to the following equilibria :— 


NaHCO, 

Na + HCO s 

(1) 

HOH 

H + OH 

(2) 

HC0 3 + H 

..r h,co 8 

(3) 

HCO, 

-^h + co 3 

(4) 

Na + OH 

NaOH 

(5) 


The quantity of HC0 3 ion involved in the fourth equation is so small as to be 
negligible from the present point of view, and since it is not possible to distin¬ 
guish between carbon dioxide as carbonic aoid and as gas in solution, the quantity 
of “ free carbon dioxide ” is usually regarded as the amount corresponding to the 
right-hand side of equation (3). It is related to the original concentration of 
sodium bicarbonate as follows :— 

If k x is written for the “ first dissociation constant ” of carbonio acid, the 
square brackets indicating concentration, 

= K ( 6 ) 

and if the degree of dissociation of sodium bicarbonate, HC0 8 /NaHC0 a = a t 
by substitution 

- *i. (7) 

and 

[HjC 0 3 1 (or [CO*]) = [H ] [NaHC0 3 ] ^ ( 7a ) 

*i 

The constants involved have been determined experimentally for moderate 
dilutions at the temperature of 25° C. by McCoy, 1903 (12), Seyler and Lloyd, 
1917 (17), and Auerbach and Pick, 1912 (2). 

The degree of dissociation varies with the concentration, and is given as follows 
by Seyler and Lloyd : - 

Concentration (molar) . 0*05 0*1 0*2 0*3 0*5 * 1*0 

Degree of dissociation 0*82 0*78 0*73 0*69 0*64 0*52 

The pH of these solutions is approximately constant over a wide range of 
c on centration. The values can be deduced from the theoretical equations of 
Prideaux, 1915 (15), which agree with the determinations of Auerbach and Pick. 



[HjCOJ 
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For solutions of medium dilution Frideaux’s equation takes the form, 



1 + JbflL 

' rxn - 


[H]o 8 


*1 


(8) 


R equivalents of alkali ,. , , , ,. , , , .. . 

= —r- 1 —:-;--—:-which in a fresh bicarbonate solution is equal 

molecules of carbonic acid 

to unity, and the equation can, therefore, be written for that case as, 


[H] = y/M* 


_i _ 

^ o A a 3 [NaHCOJ’ 


(8a) 


In this expression the significance o! the symbols is as follows : a l9 o 8 and a 3 
represent the degrees of dissociation of sodium bicarbonate, carbonate and 
hydroxide respectively; k x — the “ first dissociation constant ” of carbonic 
acid, and b w the dissociation constant of water. Assuming the following values 
for the constants, as quoted by Prideaux and others, equation (8a) gives the 
following figures:-- 

Table I. 


a t = 0-8. 

« a = 0-8. 

a, = 0-9. 

k t = 3-04 x 10" 7 . 

k a = 8-0x lO -11 . 

i, = «-7x 10' 14 . 

NaHCO, in mola per 
litre. 


pH experimentally deter¬ 
mined by Auerbach and Piok 

0 1 

0-01 

0 001 

8-32 

8-31 

8 30 

8 35 


By substituting these values in equation (7 a), the amount of free carbon dioxide 
in solution can be calculated. 

Some of the constants, such as the degrees of dissociation, are only known 
very roughly, and in consequence the calculated figures are rather loose approxi¬ 
mations. Taking the same values for c ^ and k x as before, the solutions commonly 
employed in the next section work out as follows:— 


Table II. 


NftHCO B 

in gramme* per ovnt 


0 02 
0 05 
010 
0*20 
0*30 
0-40 
0-60 


CO t 

in ottbio oenti metres per cent., at N.T.P. 


0-064 

0-16 

0-32 

0-64 

0-06 

1-28 

1-02 



9 


Vegetable Assimilation and Respiration. 

Since the degree of dissociation tends to diminish with increasing concentra¬ 
tion of bioarbonate, the free carbon dioxide concentration will not rise as here 
indicated, in direct proportion, but in a continuously diminishing maimer. 
The ohanges of the degree of dissociation are not known with sufficient accuracy 
to enable this divergence to be estimated numerically, but over the given range 
it is probably only slight. In the experimental work the figures given above 
were taken as representing median values, with an error probably not greater 
than 10 per cent. As is shown by the experimental results slight differences 
at the higher carbon dioxide concentrations would not be important. 

The Oxygen Titration Technique. 

The gas exchanges of the plant during the experiment were estimated in 
terms of oxygen by means of Winkler’s titration. Samples of the solution 
were drawn off into small flasks of about 140 c.c. capacity, both from the 
reservoir and from the final pipette. The quantities of oxygen in corresponding 
lots of solution coukl then be compared to ascertain the oxygen exchanges of 
the plant during the time taken for the given amount of liquid to pass over it. 
With so dilute a solution as N/200 sodium thiosulphate for the final titration, 
the end point of the reaction with a starch indicator was stdl very sharp, and 
consequently extremely small quantities of oxygen could be determined. The 
delicacy of this method for photosynthetic work is illustrated by a comparison 
with the baryta titration for carbon dioxide which has been frequently used. 
As employed by Blackman and Smith with N/10 hydrochloric acid, 1 c.c. of acid 
is equivalent to aliout 1*25 c.c of carbon dioxide at N T.P., and one drop of 
acid (0-02 c.c.) to about 0-025 c.c. In a method described by Blackman, 
1895 (5), in which the titration was carried out in an enclosed apparatus under 
carbon dioxide—free air, N/20 acid and baryta could be used, thereby doubling 
the sensitiveness of the titration. In the Winkler titration 1 c.c. of N/200 
sodium thiosulphate is equivalent to 0-0278 c.c. of oxygen and a single drop 
(0*02 c.c.) 5 0*0005 c.c. Assuming that the assimilatory ratio O a /CO t , 
is approximately 1, this method is about twenty-five times as sensitive as the 
improved baryta method. 


Trial Experiments. 

The efficiency of the foregoing technique was tested m three ways. These 
consisted of (a) blank experiments with no material in the plant chamber, 
(b) the effect of time on enclosed specimens of jWtftafo^and (c) a determination 
of the " probable error ” of the experimentation. 
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The first blank experiments led to the discarding of the waxed metal chamber, 
since there was a measurable absorption of oxygen from the water passed through 
it, and the substitution of one made of glass. This step was only temporarily 
successful, as eventually loss of oxygen in passing through the apparatus again 
appeared, and was traced to the presence of bacteria and a mucilaginous blue- 
green alga, which adhered to the inner surfaces of the apparatus. This infection 
only appeared in the parts which the solution passed through after leaving the 
assimilation chamber, and was no doubt due to the washing off of ephiphytes 
from the surface of the Fonlinalis, which afterwards adhered and multiplied, 
particularly on the sides of the collecting pipettes. The apparatus was, there¬ 
fore, thoroughly cleaned out with warm water and sterilised with formaldehyde 
about once a week, and with these precautions blank experiments, which were 
carried out from time to time, showed no further appreciable loss of oxygen. 

To discover any fluctuations due to falling off in photosynthetic activity by 
the Fontindis, under the conditions imposed by the apparatus, or to any 
irregularities of the apparatus itself, experiments were performed passing a 
single solution over the material with constant conditions of temperature and 
light for several hours. One such experiment may be described in full as typical 
of most of those which followed. 

A number of freshly gathered pieces of Fontindis were put into the plant 
chamber which was then closed and filled with solution from the reservoir, 
care being taken not to let any air bubbles remain inside. The chamber was 
placed on its stand in the thermostat and connected up with the rest of the 
apparatus. The taps controlling the reservoir and the final pipettes were then 
opened and the light switched on. The stream of solution at once began to 
move displacing the tinted alcoholic solution of the pipettes into the measuring 
cylinder provided. By means of a previous trial, the length of the capillary 
and the positions of the free water surfaces had been adjusted to givo a rate of 
flow of 400 c c. per hour. At the end of the first hour the three-way tap con¬ 
trolling the pipettes was switched over, and the solution withdrawn from the 
first pipette for analysis. The result of this titration was compared with one 
carried out on a sample drawn from the reservoir at the start of the experiment. 

Since the capacity of the apparatus was about 400 o.o. the intervening hour 
represented the time taken by a given particle of liquid to pass through it, and 
made the comparison more exact than if a control sample had been taken at the 
same time as the final. Similar readings were taken at the end of each hour, ' 
and the results obtained were as follows. The results of the first period had 
always to be neglected as the steady value had not been reached owing to the 
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initial filling of the chamber with still water. After some experience these 
first samples were no longer titrated. 

Table III.—Trial Experiment with Fonlinalis antipyretioa, April 30, 1926. 


Solution, 0*01 M. NaHCO,. 




Volumo in 


Tempera¬ 

ture, 

Oxygen content of solution in 

Time 

p.m. 

Pipette. 

oylinder in 
oabio 

cubic centi¬ 
metres 

thiosulphate units.* 







centimetre#. 

per hour. 

C. 

Affluent. 

Effluent. 

Different} 

3.2 

in 

0 


18-7 

15*19 



4.2 

lie 

410 

410 



18*35 

3*10 

KU 

0 



15 19 



5.2 

iH 

417 

417 

18-7 


18*23 

3-04 

K|K' 

0 



15-20 



6.2 


398 

398 

18-8 


18 32 

3*12 

||9 

0 


i 

15 22 



7.2 j 

i 


410 

410 



18-34 

3*12 


.o. of N/200 sodium thfosulphate solution, 'fhey ore left in this form ai D _ _ __ 

convenient magnitude than the small fractions expressing oxygen quantities. For conversion 
1 c.c. N/200 thiosulphate E 0 0278 c.c. O s at N.T.P. The quantity of solution taken for analysis 
was always 100 cc, 

A similar constancy was shown if the apparatus was darkened and a 
measurement made of the oxygen absorbed by respiration. In other cases 
observations were made with a single lot of material under similar conditions 
on successive days. The Fontmalis showed no signs of deterioration under 
investigation and gave results repeatable after 48 hours. During the interval 
over night the material was kept m a large bowl of Enop’s solution. 

The “ probable error ” of the technique was estimated from an assimilation 
experiment carried out with light “ limiting.” The carbon dioxide concentra¬ 
tion was not kept constant, and further errors were probably introduced by 
uncontrollable fluctuations of the light intensity. The error as determined in 
thin experiment would, therefore, be in the nature of a maximum one, since 
when the carbon dioxide concentration was “ limiting ” the light fluctuations 
would be less material, and the concentration could be controlled with greater 
accuracy than the light. The results of this series, in which six determinations 
of the assimilation rate were made, were: 

“ Real Assimilation ” = 3• 72, 4*07, 3*92, 3*76, 3*72, 3*79. 

The “ probable error ” of the mean was calculated from the usual formula, 

P = f / ^ W , where 2 (v*) = the sum of the squares of the deviations of the 
▼ n — 1 » 
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n 

readings from their mean, and n = the number of readings. The value of the 
“ probable error ” bo determined was ± 0*097, equivalent in this case to about 
2*7 per cent. It must, however, be remembered in considering the following 
experimental results, that differences of less than 3 ■ 8 often had to be dealt with, 
and in those cases the percentage error was naturally greater. The value of 
0-097 for the probable error was in agreement with the observed fact, that any 
alteration showing a greater difference than 0*3 c.c. of titration was almost 
always repeatable, this being the expected magnitude of the limits of significance 
(probable error X 3). 

Experimental Results. 

Section I.—Interaction of the Factors of Carbon Dioxide and Light. 

In this soction a number of experiments are described, showing the form of 
the assimilation curve with low concentrations of carbon dioxide and the 
modifications introduced by variations of light intensity. The experiments 
were carried out, save for the necessary small changes, in the manner of the 
trial described on p. 11. The water plant used for all the experiments in this 
research was Fontinalis antipyretica, gathered from the Cam and kept in a large 
bowl of Knop's solution in a roof greenhouse until required. The shoots used 
in an experiment were returned to a IhjwI of this solution each night while the 
experiment was in progress. At each change to a different concentration the 
plant chamber was disconnected from the rest of the apparatus, emptied out 
and refilled with the fresh solution. The tubes leading up to the chamber were 
also flushed out with the new solution before the connections were again made 
and the experiment re-started. The details of the experiments were as follows. 

Senes 50 .—The Relation of Photosynthesis to Carbon Dioxide Concentration 

at Low Light Intensity. 

In this series seven changes of solution were used, varying from carbon dioxide 
free water to 2 *0 per cent. C0 8 . The rate of respiration was determined at the 
start and finish of the series. In calculating the “ real assimilation ” the 
observed value of respiration nearest in time to the reading for apparent 
assimilation has been taken. The difference between the two respiration values 
is soarcely significant, but a slight falling off in the value of respiration during a 
prolonged experiment appears to be almost invariable. 
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Table IV.—Results of Series BO. 


30 young 2-inch shoots of Fontinalis, collected December 7. Experiment 
December 8-10. Temperature = lS’S-lS^ 0 C. Light = 15 units.* 


Experiment No. 

C0 a in ruble 
centimetres 
per cent 

i 

Apparent 

assimilation. 

Respiration 

Real 

assimilation. 

1 

0 

-0 95 


1 30 

2 



2 25 


4 

0 05 

-0 30 


1 95 

3 

0 10 

-0 03 


2 *22 

5 

0 20 

+0 05 


2 90 

6 

0 30 

+0 65 


2 90 

7 

0 80 

+ 1-77 


3 73 

8 

2 00 

+ 1 97 


93 

0 



1 90 



/Series 51.—The Relation of Photosynthesis to Carbon Dioxide Concentration at 

Low Medium Light Intensity. 

The arrangements for this series were similar to those of the last, except 
that the light intensity was increased to 20 units. Rather more readings were 
obtained and the form of the curve determined more accurately in consequence. 
The whole series lasted over three days and a respiration reading was taken each 
day. As before, there was a very slight falling off m the rate of respiration 
while the plant was under investigation. 

Table V.—Results of Scries 51. 

Experiment December 14 -10 Temperature — 19*0° C. Light -- 20 units. 


Experiment No. 

CO, in cubic 
centimetres 
per cent 

Apparent 

assimilation 

Respiration 

Real 

assimilation 

1 

0 

-1 10 


0 07 

2 

0 


1*77 


4 

0 06 

-0 79 


0 98 

3 

0 10 

-0 40 


1*37 

5 

0 20 

+0-25 


105 

9 



1 70 


10 

0 30 

+0*70 


2*20 

11 



1*50 


7 

0*40 

+ 1 28 


2-98 

6 

0 80 

+ 1 85 


3*55 

8 

2 00 

+ 2 37 


4 07 


* Light intensities are given in arbitrary amts; 40 units was the illumination given at 
tlm assimilation chamber by a 300-watt lamp at 64 oms. distance. 
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The curve for these results (fig. 2) shows the same features as that of the 
previous experiment. There is in both cases a definite “ real assimilation ” 



Fig. 2.—Results of Series 51. Curve of assimilation rate in 0-2 -0 per cent, carbon dioxide 

at light intensity 20. 

value for zero external carbon dioxide concentration and the remainder of the 
curve follows a similar path in both experiments. It appears to be of the form of 
an oblique hyperbola. Plotted logarithmically, the rate of photosynthesis 
against the log. of the carbon dioxide concentration, the curve takes the general 
sigmoid form to be expected, but the points are not sufficient to decide the 
matter accurately. For reasons to be elaborated in connection with later 
experiments, these results cannot be accepted as final. 

Series 56. — The Rate of Photosynthesis at Low-Medium IAght Intensity and 
rather higher Carbon Dioxide Concentrations. 

In both the preceding experiments the assimilation curve was still in a rising 
phase at the highest concentrations of carbon dioxide used, which was only as 
much as 2*0 per cent, by volume at N.T.P. The present experiment was 
designed to investigate a rather higher range of concentrations, and to determine, 
if possible, whether further additions of carbon dioxide will continue to increase 
the rate of photosynthesis indefinitely, or whether light or some other con¬ 
trolling factor eventually exercises a “ limiting ” action, and further addition 
of carbon dioxide is without effect. The limitations of the method employed 
debarred the investigation of rapid rates of assimilation, so that a low light 
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Intensity was used, which would be likely to become “ limiting ”* at a fairly 
low velocity of photosynthesis. Light intensity 20 was found to be weak 
enough for the purpose, and was used so that the results might be comparable 
in this respect with those of Series 51. The arrangements were otherwise similar 
to those of the previous experiments. The rate of respiration unfortunately 
changed to a considerably greater extent than usual, bo that the apparent 
assimilation curve was much distorted. The real assimilation curve was 
however, continuous and the readings did not suggest any alteration of photo¬ 
synthesis with time while the experiment was in progress. The value for 
3*0 per cent, carbon dioxide was taken m triplicate, once m the early part of 
the experiment and twice at the finis h, the three values showing good agree¬ 
ment. Owing to the length of time taken to obtain each reading (2 hours) it 
waB necessary to reduce their number as far as possible. In this experiment, 
therefore, only a few readings were taken in the initial regions of the curve, 
covered by the previous experiments, attention being here focussed on the 
higher concentrations. 

Table VI.—Results of Series 56. 

30 2-inch shoots of Fontinalis, collected February 2. Experiment February 


3-5. Light = 20 units. 
(Experiments 1-4) 1*54. 

Temperature — 20-0° C. Initial Respiration 
Final Respiration (Experiments 5-10) 0*92. 

Experiment No. C0 * ,n 

Beal dMinuiation. 

0 1 

0-0 

0*85 

I 

0-0 

2-88 

4 ' 

1-0 

3-66 

7 

2*0 

3-27 

3 

3 0 

3-72 

9 l 

30 

3-75 

10 1 

30 

3-92 

2 

40 

3 79 

6 

0 0 

4 07 

8 

i 

5 0 

3-72 


From these results it would appear that over the range of 3-5 per cent, and 
probably from the region of about 2 per cent. C0 3 (see fig. 3) the rate of photo¬ 
synthesis is practically independent of carbon dioxide concentration. The 
experimental error is rather high, probably due to uncontrollable fluctuations 
of light intensity, which here exercise their maximum effect. A second experi- 

* The word “ limiting ” is here used only la the sense of “in the relative minimum,’' 
and is not taken to mean the entire absenoe of influence of all other factors than the one 
referred to. Unless otherwise stated, it is to be understood in this sense throughout the 
paper. 
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ment, not set out here, gave similar results with a smaller number of 
points. 



Fig. 3.—Results of Scries 56 and 63 plotted together. Rate of assimilation in solutions 
with 0-5 *0 per cent, carbon dioxide moved through the apparatus at 400 and 600 o.c. 
per hour. 0 Series 56 ; 400 c.c. solution supplied per hour. X Series 63; 600 c.o. 
of solution supplied per hour. 

Series 54 - The Effect of varying both Light Intensity and Carbon Dioxide 

Concentration. 

The form of curve expressing the relation between the rate of photosynthesis 
and the external concentration of carbon dioxide under a given fixed condition 
of light intensity has been shown in the foregoing experiments. It remains to 
discover the effect on such a curve of increases of light intensity at the various 
concentrations of carbon dioxide employed. The principal difficulty encountered 
is the amount of time taken to get the rather numerous readings required for 
such an cxjierimcnt. If this is allowed to become too long, there is a danger 
that the material will change while under investigation, and the later readings 
will consequently not be strictly comparable with the earlier. Under the 
conditions of experimentation normally applied in this work, it is a matter of 
experience that no such changes are likely to occur during the first three days 
(<f. Series 56, p. 15); after that the rate of photosynthesis under any given 
conditions is liable to show a falling off. In general, therefore, experiments 
were planned to be carried through within this time limit, but the present 
series had to be an exception, and a depression of photosynthetio activity 
became apparent in its later stages. The extent of the depression is indicated 
in the details of the results, so that allowance can be made for it. 
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Light intensity was varied by raising or lowering the electric lamp to fixed 
heights above the plant chamber, and measured by means of a large surface 
thermopile as previously described. The procedure was otherwise the same as 
before. The results are given m Table VII in the order in which they were 
obtained. 


Table VII.—Results of Series 54. 

Foniinalis, collected January 23. Experiment, January 25-29. 30 2-moh 
shoots. Temperature — 20-0 ± 0*1° C. 


Experiment 

No. 

Date, 1020. 

CO| m cubic centi¬ 
me trou per cent. 

Light. 

Initial 

oxygen. 

Final 

oxygen. 

Difference. 

1 

Jau.25 

0 

0 

18 00 

17-25 

-1 35* 

2 

1* 

25 

O 

40 

18-85 

18 56 

-0-30 

3 

ii 

25 

0 

10 

18-75 

18 35 

-0-40 

4 

*t 

26 

0 

• so 

19-25 

19-10 

—0« 15 

6 

ii 

26 

2 0 

40 

19-40 

26 90 

l 7 50 

6 

ti 

26 

2 0 

10 

19-45 

20 25 

- r 0 80 

7 

ii 

26 

20 

20 

19-45 

22-85 

13 40 

8 

i> 

26 

0 

20 

18-95 

18 05 

+0 00 

9 

• t 

27 

0 

0 

19 20 

17 95 

— 1-25* 

10 

ii 

27 

0*6 

20 

19 31 

21 02 

F2 61 

11 

ii 

27 

0-5 

10 

19 15 

19 61 

+0-46 

12 

■> 

27 

U-6 

40 

19 15 

23 26 

+4-11 

13 

•• 

27 

1 0 

40 

18 92 

24-92 

+ 6 00 

14 

ii 

28 

1 0 

10 

10 32 

20 00 

+0-68 

15 

ii 

28 

0-25 

20 

19-45 

20 85 

+ 1 -40 

1H 

it 

28 

0 25 

10 

19 55 

19 82 

4-0 27 

17 

it 

28 

0 25 

40 

19 65 

21-40 

+ 1*75 

18 

»• 

28 

1 0 

20 

10-70 

22-30 

+ 2 60 

19 

i» 

29 

O 

0 

19 55 

18 30 

-1 25* 

20 

ii 

29 

o n 

20 

19 72 

21-95 

+ 2-23f 

21 

ii 

29 

2 0 

20 

19 55 

22-40 

r 2 85J 


* Reap. t Of. with 10. £ Cf. with 7. 


Depression of the rate of photosynthesis first becomes apparcut iu reading 17 
as is evident from the graphic representation in fig. 4. Readings 20 and 21 
were repetitions of earlier readings, and were taken for the purpose of estimating 
the extent of the falling off; they are represented in the graph by the dotted 
line. 

The figures obtained in this experiment are sufficient to determine the principal 
objects aimed at. Although the curves for each individual light intensity may 
be regarded as composed of two parts, oaoh approximately a straight line over 
a liTniffld range of carbon dioxide concentrations, the transition from one to 
q u o t har is gradual and not a sudden inflection. It cannot be claimed, however, 
that the curves for the lower light intensities demonstrate this point, owing to 
the magnitude of the experimental error, and it is perhaps better illustrated 
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by the curve of Series 51 (fig. 2). In addition the present series shows that the 
curves for different light intensities are not to be regarded as coincident in their 



Fio. 4.—Results of Senes 54. The rate of assimilation la oarbon dioxide concentrations 
0-2*0 per oent. and light intenaitiea 10-40. 

initial stages, but as being separate almost from the start, since the differences 
shown in these regions are quite significant. The interpretation of these 
features will be considered in the general discussion of results. 

Section II.— Effect of Variation in the Method and Bate of Carbon Dtoxtde 

Supply. 

A. The Use of Sodium Bicarbonate as a Source of Carbon Dioxide. —In the 
previous section an estimate has been made of the relation between assimilation 
rate and the concentration of oarbon dioxide when the latter is supplied in the 
form of a solution flowing through the chamber at the rate of 400 c o. per hour. 
This was followed by an investigation into the effects of supplying the oarbon 
dioxide by different methods. In the first set of experiments now to be described 
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it was supplied by means of dissolved sodium bicarbonate. The series gave 
anomalous results and is only quoted here as a starting point for those which 
followed, in which several improvements in treatment were introduced to 
eliminate any injurious effect of alkaline solutions on the plants. Moderately 
high concentrations depress the rate of photosynthesis, and the injury may even 
continue as a permanent after-effect when the plant is removed to other solutions. 

In the present -experiments none of the solutions used were of sufficient 
strength to cause noticeable slowing down in the rate of assimilation, but in 
the latter scries it was considered advisable to carry out all the readings with 
carbon dioxide solutions before putting the material into bicarbonate solutions 
at all. [n this way the chance of any bicarbonate after-effect during the carbon 
dioxide reading was eliminated. The presence of the bicarbonate appeared 
also to have an effect on the rate of respiration of the material. In dilute 
solutions the effect was very small and might even be within the limits of 
experimental error. In other cases, however, it was considerable, and the only 
way to be sure about the matter was to take a separate respiration reading in 
connection with every strength of bicarbonate solution. This was generally 
done immediately after the measurement of the apparent assimilation, by 
darkening the plant chamber and continuing to use the same flow of prepared 
solution. Errors duo to change of solution and change of respiration rate with 
time wore thus reduced to a minimum. These precautions were not taken in 
the first set of experiments, but were in all subsequent ones. 

Sene* 26.—The Effect of supplying Carbon Dioxide by the Dissociation of Sodium 

Bicarbonate. 

in this series the readings were taken in random order both as regards con¬ 
centration and nature of the solution, to avoid any definite time drift in the 
curves The respiration was only determined twice, once for each kind of 
solution. The waxed metal plant cliamber, subsequently discarded, was used 
in this early experiment, so that the measured values of respiration are probably 
too high, owing to oxidation of the wax. The apparent assimilation values 
would, however, be correspondingly decreased, so that the net error of the “ real 
assimilation” figures must in any case be very small Later experiments 
eliminated this source of error also. 

A high light intensity, about 80, was used, and as temperature was moderate 
(about 20° C.) there was no likelihood of light or temperature limiting the 
reaction and masking any carbon dioxide effects that might occur. To allow 
of rapid rates being measured, the experimental water was first freed from 

c 2 
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contained gases by boiling in the usual manner, and then cooled under nitrogen 
containing only a very small percentage of oxygen. In this way the initial 
partial pressure of oxygen was reduced to a greater extent than usual, so that 
larger amounts could be formed by assimilation without saturation of the 
water causing free bubbles to be given off in the plant chamber. The oxygen 
content of the water was not reduced too much, lest anaerobic respiration should 
occur. 

Table VIII. -Results of Senes 26. 

Light about 80 units. Temperature about 20° C. 


Solution. 


Real ARsinulntion 


CO, m cubic cout-i- 
inctre* per cent. 

NttHCO a in grammi s 
l»er ci nt 

In CO, 

In Nh H('(> 3 

o i 

f 0 

1 

0 32 

|' 

o o:i 

0 01 


1 87 

010 , 

0 05 

— 

| 5 32 

0*32 

O JO 

2 83 

713 

0 64 

020 

515 | 

| 9 44 

1-28 

0 40 

1 

12 60 

1 92 

O (10 

8 26 

BulihJeri former! 

2 70 

! 

i 

j 10 19 

i 

* * 


The difference between the rate of photosynthesis m a solution of carbon 
dioxide and in a solution of sodium bicarbonate of equal partial pressure appears 
from these results to be considerable, and is no doubt far greater than could be 
accounted for by the various sources of error previously considered. Since the 
experiment was arranged so that carbon dioxide should be the limiting factor, 
the difference of the observed values suggests a difference of availability of 
carbon dioxide in the two eases, and the later series of experiments were planned 
to test this supposition. Alternatively, the bicarbonate divergence might be 
due to the introduction of sodium ions, increased alkalinity, direct assimilation 
of HCO s ions, differences of osmotic relations, or any combination of such 
causes. 

It may readily be supposed that carbon dioxide supplied in the form of sodium 
bicarbonate is more available thun m the simple solution. In the latter, if 
there is no movement in the liquid, diffusion shells are gradually set up round 
the gas-absorbing surfaces, as the carbon dioxide in the immediate vicinity of 
the plant is used up. The rate of absorption consequently falls off until an equi¬ 
librium is attained, which is a function of the rate of diffusion of carbon dio x i de 
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in an aqueous medium. In the case of sodium bicarbonate the concentration 
of the free carbon dioxide is dependent on the dissociation of the salt in solution. 



0 -5 10 1*5 20 


Ho. 5.—Results of Senes 26. Rate of assimilation in solutions of carbon dioxide and 
sodium bicarbonate. © Ox>gen production in carbon dioxide solutions, + in sodium 
bicarbonate solutions. 

As the gas is removed by assimilation, the equilibrium tends to be restored by 
further dissociation, and it scorns to be generally assumed that the rate of this 
latter process is greatly in excess of assimilation rates. Provided that the 
change HC0 3 -> H a f!0 3 is actually very rapid the ratio C0 2 /HC0 3 in such a 
solution is of the order of 1/100, so that if the diffusion rates are of comparable 
magnitude the gradient will be about a hundred times as “ steep ” as in a simple 
carbon dioxide solution. 

In perfectly stall solutions, therefore, sodium bicarbonate might be expected 
to provide a much more efficient supply of carbon dioxide than the simple 
solution. If the solutions are stirred, or caused to flow over the Absorbing 
surfaces, as under the conditions of the experiment, the tendency is to break 
down the diffusion shells by bringing fresh supplies of the gas up to the place of 



22 


W. 0. James. 


removal, by more rapid means than mete diffusion. To seoure uniform dis¬ 
tribution of the gas throughout the liquid medium it is theoretically necessary 
to keep it moving at infinite velocity, so that each particle of gas removed shall 
be instantly replaced. In practice the problem resolves itself into obtaining 
such a velocity that no further increase of it will cause any measurable increase 
in the corresponding rate of removal of carbon dioxide by assimilation. 

B. Alteration of Carbon Dioxide Supply by Changes of Rate of Flow. —Experi¬ 
ments were carried out to examine the application of the principles just referred 
to. In the experiments described above, 400 ± 20 c.e. of the solutions were 
passed through the apparatus per hour. It is not likely that this should be the 
ideal rate of flow as it only afforded a slow drip from the pipettes. In one solu¬ 
tion of the last scries, 0*64 c.c. of carbon dioxide at N.T.P. was supplied to the 
plant in each 100 c.c. of solution. The amount of oxygen produced while this 
quantity of solution was passing over the plant was 2 *41 X 0*0278 = 0*067 c.c. 
If it is assumed that the assimilation coefficient was equal to unity, and a 
corresponding amount of carbon dioxide was therefore absorbed, the reduction 
in the average concentration of the flowing solution was rather over 10 per cent. 
The reduction in the solution nearest the plant would be much greater. A flow 
of 400 c.c. per hour cannot, therefore, be entirely efficient in breaking down the 
carbon dioxide diffusion shells. Since it is necessary to have some appreciable 
difference in the inflowing and outflowing solutions to allow of measurement, 
it is obvious that the ideal condition of a constant gas concentration is not 
attainable; nevertheless a faster rate of flow than the one previously employed 
might afford a better compromise between the opposing requirements. 

Series 68 .—The Effect of increasing the Rate of Supply of the Solution. 

This experiment was an attempt to disoover if the rate of assimilation oould 
be increased by increasing the rate of flow of the prepared solutions through the 
apparatus, and to determine the most suitable rate for obtaining comparable 
results between carbon dioxide and sodium bicarbonate solutions. Standard 
conditions were employed of a medium intensity, with carbon dioxide limiting, 
and the rame concentration was passed over the plant material at the various 
velocities tried. It was necessary to take respiration readings corresponding 
with every observation of the assimilation. At the end of the readings for each 
flow the capillary controlling the rate of passage through the apparatus was 
changed, the apparatus reconnected, and the stream started again by opening 
the stopcocks. 
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Table IX.—Results ol Series 68. 

36 2-inch shoots of Fonlinalis, collected March 10. Experiment, March 12-13. 



Fhj. 8.—Results ol Series 88. The relation between oxy gen exchange and the rate of flow 
ol a carbon dioxide solution. G Oxygen produced in assimilation, y oxygen absorbed 
in respiration. 
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The n Arp plftfl taken for analysis were 100 o.o. of solution in each case. To make 
the readings comparable it was necessary to reduce them to a common time 
value, and 15 minutes was selected to avoid too great a multiplication of the 
titration figures for the faster rates, with consequent exaggeration of the experi¬ 
mental error. Even so this factor needs to be borne in mind in regard to the 
values for the rates of 000 and 900 c.c. per hour, where the Bmall observed 
difference cannot be considered significant. The enormous falling off in the 
highest rate of flow is difficult to explain on any physiological basis, and whether 
it is due to complications arising in the apparatus, or to some secondary 
physiological phenomenon, it is equally to be avoided in investigations of the 
rate of photosynthesis. The “ 600 ” and “ 900 ” values show a quite definite 
increase over the “ 400 ” value, and this is of the greatest importance in the 
connection previously stated. Between the rates of 600 and 900 c.c. per hour, 
the assimilation may be regarded as practically constant, and at the maximum 
obtainable with the present apparatus and method for any given solution. It 
becomes, therefore, of importance to find if the curve relating photosynthesis 
and carbon dioxide concentration, as determined at these velocities, differs 
in form from that obtained at 400 c.c. per hour. To decide this a flow of 
600 c.c. per hour was used in preference to 900, since although the velocity of 
photosynthesis was approximately the same at both rates the action of any 
secondary depressant would necessarily be greater at the latter. 

Series 63 and 64.— The Relation of Photosynthesis to Carbon Dioxide Concen¬ 
tration at Low Medium Light Intensity, and Increased Rate of Flow of 
Solution. 

Some preliminary experiments were first done at the increased rate of flow for 
comparison with Senes 51 and 56. There was an interval of about 11 weeks 
between gathenng the matenal for the first and last series. For this reason 
only very rough equivalence could be expected between the samples taken, it 
being a matter of expenencc that seasonal and other time variations in apparently 
similar material were considerable, though in the present instance the differences 
were not very marked. In the experiments with a rate of flow of 400 c.c. per 
hour 30 shoots of material, each of 2 inches length, were used, and in those with 
a 600 c.c. per hour rate 45 shoots. The observed oxygen differences in 100 c.c. 
of solution were thus kept of similar size and a possible source of error due to 
unequal leases of carbon dioxide from the supplied solutions avoided. 

Series 64 was a repetition of Series 63 and confirmed it in every way. The 
difference between the curves afforded by these two experiments and those for 
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the slower rate of flow is best shown by plotting the results of Series 56 63 

together as was done in fig. 3. At the higher concentrations, about 1 • 0 per cent. 
COj, the two curves coincide. They also meet at zero external concentration, 
but in the intermediate region they diverge considerably. The interpretation 
of these observations is best reserved until some further experiments have 
been described. 

Since different lots of material were used to obtain the separate curves, their 
coincidence at the upper and lower extremes is largely fortuitous. On the simple 
hypothesis to be described such relations between the two curves might be 
expected, but the evident as it stands is obviously insufficient to be decisive. 
The suggestion obtained from the comparison of these two curves was, therefore, 
followed up by obtaining assimilation values at both rates of flow with a single 
lot of material. 

Semen 70. —The Hale of Photosynthesis in Solutions of Carbon Dioxide supplied 

at 400 and 600 c.c. per hour. 

This experiment was designed to give precision to the nature of the difference 
of form just established, by using only one lot of material throughout, and so 
rendering all the results strictly comparable. It. was carried through in two days 
to reduce the chances of change in the Fontinalis, and to do this the number of 
readings had to be kept fairly small. A respiration reading was taken each day. 
On the first, day four assimilation readings were taken, with a rate of flow 
through the apparatus of 400 i 15 c e. per hour, and on the second day five 
assimilation readings with a rate of 000 -k 30 c c. per hour. Had the two 
rates been used alternatively it \\ ould have been necessary to take respiration 
readings for both on each day of the experiment, thus introducing two additional 
periods amounting to several hours. The controlled conditions and the quantity 
of the, material were similar to those used in tlu* previous experiments, but in 
spite of this the assimilation values were higher than those of the previous 
series, probably due to seasonal changes in the Fontinalis, as this series was 
carried out m May. 

Since it was desirable to use the same material throughout, the observed 
results for the 400 c.c. per hour rate had to be reduced to the standard form of 
amounts due to 30 shoots in 15 minutes. Forty-five shoots were used and the 
observed values reduced to two-thirds in the table. With the 600 c.c. per hour 
rate the observed amounts were automatically equivalent to the standard. 
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Table X.—Results of Series 70. 


Fontindu, collected May 2. Experiments, May 3 and 4. Light — 20 units. 

Temperature = 20*0 ± 0*1° C. 


CO. io 
cubic 

centimetre* 

per 

cent. 

Apparent a—initiation. 
Flow. 

Respiration. 

Flow. 

Real assimilation. 
Flow. 

400 cubic 
centimetres 
per hour. 

600 cubic 
centimetres 
per hour. 

400 oubio 
centimetres 
per hour. 

600 onbio 
centimetres 
per hour. 

400 oubio 
centime tree 
per hour. 

600 oubio 
oenttmetrea 
per hour. 

000 

-0-00 

■n 

106 

1-30 

1-06 

1-20 

0 32 

4-1-66 




3-32 

3*98 

064 

+ 2-60 




4-16 

5-12 

1 *29 

4-3-56 




5-22 

6-43 

2-66 

— 




* ““ 

6 50 


The difference in the respiration values is almost certainly a time effect and is 
not connected with the difference in the rates of flow. It is of just about the 
usual magnitude for the first day’B drift, and any change due to the rates of 
supply would be expected to be in the reverse direction. In Series 68, where 
respiration readings were taken at both rates on the same day, the difference 
was negligible, the figures being, at 400 c.c. per hour, 1*06, and at 600 c.o. 
per hour, 1*16. The difference of respiration in the present experiment causes 



Fig. 7. — Results cf Series 70. The relation between assimilation and 0-2 *fi per cent, carbon 
dioxide solutions. 0 400 o.o. of solution supplied per hour, x 000 c.c. of solution 
supplied per hour. 
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perceptible distortion in the relation of the two apparent assimilation curves, 
but should not do so in those for “ real assimilation ” (fig. 7). These show 
the features suggested by the comparison of Series 56 and 63 (fig. 3). The two 
curves again ooncide at zero external carbon dioxide concentration, ate separate 
over the range up to about 1 *3 per cent., and approach again at this point. 
In this case the absolute values of the two curves are strictly comparable with 
one another, and it is permissible to draw conclusions based on their relations. 

Suction III .—Interaction of the Factors of Light and Carbon Dioxide Concen¬ 
tration with Increased Rate of Flow. 

A. With Carbon Dioxide Solution as Source of Carbon Dioxide .—The previous 
experiments having shown that the form of the curve relating carbon dioxide 
concentration and assimilation is dependent on the rate at which the carbon 
dioxide is supplied, it becomes important to determine the series of curves for 
varying light intensities under the optimal conditions of flow. The most suit- 
aide rate of flow having been found, as stated above, to be about 600 c.c. per 
hour, the experiments in this section were carried out at that rate. 

Series 72 .—The Effect of Varying light Intensity and Carbon Dioxide 

Concentration. 

With regard to other conditions than tho rate of flow this series was virtually 
a repetition of Series 54, the same light intensities and carbon dioxide concen¬ 
trations being used. To cut down the number of readings the assumption was 
made that the rate of assimilation in carbon dioxide—free water was the same at 
all intensities of light. This is equivalent to saying that in each case the quantity 
of the respiratory carbon dioxide was low enough to be “ limiting,” and this is 
fully borne out by the results of Series 54 and other unpublished experiments. 
There were no signs of a depression in the assimilatory capacity of the Fontinalis 
while un de* investigation. The values for “ real assimilation ” are set out in. 
cross columns on p. 29, and shown graphically in fig. 8 (a). 
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Flu. 8 (a.)—Results of Series 72. The rate of assimilation in carbon dioxide concentrations 
0-2*0 per cent, and light intensities 10-40. Solutions supplied at 600 ox. per hour. 


Fia. 8 (b .)—The same curves plotted to coincide at values for 2-0 per oent.CO ( . Light 4- =10 
units, X - 20 units, © = 40 units. For further explanation soe pp. 28 and 29. 

The curves in fig. 8 (a) show the features that might be expected from a con¬ 
sideration of the previous experiments. They are noticeably more rectangular 
than those of Series 64 (fig. 4) in agreement with the other results at the faster 
rate. At zero external concentration of carbon dioxide they are assumed to 
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Table XI.—Results of Series 72. 

45 2-inch shoots of FontimUs, collected May 13. Experiment, May 14-15. 


Light. 

C*rbon dioxide oonoentmtlon in cubic oentunetres per 100 o.o. eolation 


0 

0 *25 

0 50 

1 0 

2 0 

40 


3 48 

4 88 

5 *02 

6-Ofi 

20 1 

M3 

208 

3-70 

3 63 

3*85 

JO 


2 20 

210 

2 30 

2 35 


coincide within the limits of experimental error, but the theoretical conception 
involved in this will need to be considered further, and they are certainly 
divergent from a very early stage. 

In two curves out of the three, a “ light limited ” condition is reached, but 
at the third and highest light intensity it is not. The progress of the upper 
curve towards the horizontal is clearly a gradual one. In contrast with the 
present series the two curves for the weaker lights in Series 54 were still in a 
rising phase at the maximum carbon dioxide concentration used. This difference 
is m agreement with the results of Series 70, whore the two conditions were 
studied on the same plant material. 

B. With Bicarbonate as Source- of Carbon Dioxide.-—As a result of the last set 
of experiments one is in a position to reconsider the bicarbonato results of 
Senes 26. It is evident from the foregoing section that the form of the assimila¬ 
tion-carbon dioxide concentration curve can be altered by increasing the rate 
at which the carbon dioxide solution is supplied, and it remains to be seen whether 
the alteration due to rate of How is of the same kind as that caused by supplying 
the carbon dioxide in the form of bicarbonate. In Series 26 (fig. 5) the two 
curves were rapidly separating at the highest values obtained. There, however, 
light was very greatly in excess, and neither curve had reached its region of 
inflection towards the horizontal. It might be that had it been possible to 
follow out the curves into higher concentrations they would have approached 
again in a similar manner to those of Series 70. If the two effects are of a 
similar nature, the curves for the increased rate of flow should approximate 
to the bicarbonate form, and perhaps even coincide. 
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Series 63, b, and 64, b. 

When carrying out Series 63 and 64 a few readings were also taken with 
solutions of sodium bioarbonate, passed through the apparatus at the same rate 
of 600 o.c. per hour. Only a few could be obtained on account of tho time that 
the material was under investigation. In the following table the values are 
given with the corresponding carbon dioxide values. 


Table XII. 

Light = 20 units. Temperature = 20-0 ± 0-1° C. Rate of flow == 600 ± 30 

c.e. per hour. 


Series 

No. 

NaHCO, 
gramme* 
per cent. 

CO, in cubic 
centimetre* 
per oent 

Apparent 

assimilation. 

Respiration 

Real 

assimilation. 

NaHCO,. 

CO,. 

NaHCO,. 

CO,. 

NaHCO*. 

CO,. 

04 

.0-06 

016 

1 60 

1 75 

1 04 

1*20 

2*60 

2*95 

04 

0-10 

0 32 

2-40 

2 07 

1-20 

1 50 

3-00 

3*63 

03 

0 106 

0 00 

2 37 

2 45 

1 30 

1 22 

3-67 

3*67 


The differences in the respiration figures are here again due to time drift. 
The differences in real assimilation are in each case reduced within the significant 
limits of experimentation, though the first reading is near the border line. All 
three readings are below 1 - 0 per cent, carbon dioxide concentration, and there¬ 
fore in the region of divergence of the 400 and 600 o c. per hour curves for 
carbon dioxide solutions for the given light intensity. 

As far as these results go, therefore' they fulfil the expectation that pure 
carbon dioxide solutions, supplied at a fast enough rate, will have the same 
assimilatory effect as bicarbonate solutions with an equivalent oarbon dioxide 
concentration. The following series supplied further confirmation. 

Senes 65 .—The Bate of Assimilation ♦ n Solutions of Carbon Dioxide and Sodium 

Bicarbonate vnlh equal Partial Pressures of Free Carbon Dioxide. 

• 

This series was arranged somewhat differently. The principal object was to 
compare the rates of assimilation in corresponding pairs of solutions. It was 
also important to know in what part of the oarbon dioxide-assimilation curve 
the selected concentrations lay. To be sure of this the conditions most fre¬ 
quently used previously were again employed, viz., a light intensity 20 and a 
temperature of 20*0° C. Instead of using the same plant material throughou t 
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fresh material was taken for each pair of solutions. Forty-five shoots, each 
2 inches long, were nipped off for each experiment, only well-grown pieces of 
the largest size being taken. It was hoped in this way to get approximately 
equal samples, since no seasonal changes had to be considered, and in the result 
at least a rough comparability seemed to hold, and strict equivalence was kept 
between each pair of solutions tried. It seemed better to arrange the experi¬ 
ment in this way rather than to use the Bame material throughout, to avoid 
any possible after-effect of the sodium bicarbonate, and at the same time to be 
able to use each pair of solutions consecutively. In all other respects the 
experiment was carried out in the usual manner. 


Table XIII.—Results of Series 66. 

Fontinalis, collected March 1. Experiment, March 1-6. Light = 20 units. 
Temperature — 20-0 ^ 0*1° C. Rate of flow = 600 ± 30 c.c. per hour. 


NftHCO, 
gramme* 
per cent. 

CO, in cubic 
centimetres 
per tout. 

Apparent 

aaaiiuilauon 

Respiration. 

Real 

a'emulation. 

Tn 

| NttllCO, 

In 

CO, 

in 

NftHCOj 

In 

C'(> 4 

In 

NaHCO, 

In 

CO, 

I 

0 05 

O 10 

1 18 

0 62 

0 99 

[ 1’24 

2 17 

1 80 

008 

0 24 

1 00 

1 22 

0 97 

1 28 

2 57 

2 50 

0*10 

0 32 

l 70 

0 90 

1 30 

l 82 

3 00 

2 78 

0*20 

0 04 

1 73 

1 08 

l 44 

1 16 j 

3 19 

3 14 


In these rusults (see fig. 9, lower curves), as in those of the previous table, the 
differences of real assimilation in each pair of solutions is small. With the 
exception of the first they are probably not significant and even that is rather 
doubtful. It is noticeable, however, that the bicarbonate value is always 
greater than the carbon dioxide value, and it is just possible that at the lower 
concentrations this difference is real. 

Under the conditions of these two sets of data it seems safe to say that any 
difference existing between the rates of assimilation in carbon dioxide and 
equivalent sodium bicarbonate solutions is almost negligibly small, over the 
range of concentrations tried. Tn the following series the conditions were 
changed by using a higher light intensity. 
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FlO. 9.—Synthetic curves for Series 86 and 09. The relation between assimilation and free 
oarbon dioxide oonoentration in eolations of oar bon dioxide and sodium bicarbonate 
at lights 20 and 36. 0 oxygen production in GO| eolations, + in sodium bicarbonate 

solutions. 

Series 69.— The Bate of Assimilation in Solutions of Carbon Dioxide and Sodium 
Bicarbonate of equal Partial Pressure of Carbon Dioxide at Medium Light 
Intensity. 

The Fontinalis for this net of experiments was collected on March 16, a fort¬ 
night after that for Series 66. 

Rough equivalence was secured between the separate lots, and strict equiva¬ 
lence for each pair of solutions in the same manner as before. 
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Table XIV.—Results of Series 69. 

Fonlinalis collected March 15. Experiments, March 1(1-20. Light = 35 units. 
Temperature = 20*0 ±0-1° C. Rato of flow = COO ± 30 c.cs. per 
hour. 


NaHCO, 

CO a in cubic 

Apparent 

Assimilation. 

Respiration. 

Real 

Assimilation. 

grammes 

centimetre* 


1 

i 

i 

i 


per wnt. 

per cent. 

NaHCOj. 

CO,. 

NaHCO,. 


| NaHCOg. 

CO, 

0-100 

0-32 

3 ’03 

2 20 

L 3fi 

1*31 

4 08 

3 51 

0-134 

0-43 

3 06 

2-52 

1 48 

1 73 

6 44 

4 25 


0 96 

4*62 

4*23 

1 45 

1 00 

6 07 

6*23 

0 400 

1 28 

4 * 38 

4 72 

1 60 

i 22 

5 98 

0 94 


By comparison with the previous figures the differences of real assimilation 
aro here quite striking, and, with the exception of the last, well above the 
limits of experimental error. These results are brought together graphically 
in the upper curves of fig. 9, which indicates the positions of the various con¬ 
centrations on their respective assimilation curves. It is noticeable that the 
divergences and final meeting of the curves for light 35 are of the same nature 
as in the carbon dioxide curves at light 20 described previously under 
Series 70. 

In most experimental work where bicarbonates have been used us a source 
of carbon dioxide, the solutions have been used in the still condition, as in the 
experiments of Harder, Wilmott, etc. It is of great practical interest, there¬ 
fore, to know whether the movement of the liquid has the same sort of effect in 
bicarbonate solutions as it has in the case of carbon dioxide. At various times 
when observations of assimilation in bicarbonate solutions were taken, a reading 
was also obtained, with the same lot of solution and material, with still liquid 
in tho plant chamber. This was done by disconnecting the chamber from the 
rest of the apparatus and removing the central inlet tube. The contained 
liquid was emptied out, and the flask refilled with fresh solution which had 
previously been brought to the temperature of the bath. The vessel was closed 
with a rubber stopper coated on the inner surface with a thin layer of paraffin 
wax, care being taken not to include any air bubbles. The chamber was then 
immediately immersed in the thermostat in the position it normally occupied. 
At the end of half an hour, or in some cases 20 minutes, it was removed and 
the water poured off into a flask and analysed for oxygen in the usual way. A 

vol. ora.— b. i» 
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sample of the solution was also analysed initially. These readings, whether 
for apparent assimilation or for respiration, were always taken either immediately 
before, or in the majority of cases immediately after, the normally obtained 
reading with a moving stream of solution with which they were to be compared. 
As far as possible differences other than the movement of the water were by 
these moans avoided. In the nature of the case it was impossible to eliminate 
certain others which formed possible sources of error. Among these are the 
risk of local alkalinity and of local supersaturation with oxygen. The duration 
of the experiments was kept os brief as possible to minimise these risks, but this 
brevity in itself tends also to be a source of error. 

All the results obtained of this nature are collected together in the following 
list. The assimilation and respiration quantities are given in the standard 
form of amounts due to 30 shoots in 15 minutes. This does not affect the 
comparison of the results, which arc only equivalent horizontally in the table. 


Table XV. 

Light = 20 units. Temperature = 20 ± 0*1° C. 


Series 

No. 

NftHCO B 
grammes 
par oent. 

Apparent 

Assimilation. 

Respiration. 

Keal 

Assimilation. 

Moving. 

1 

Still. 

i 

Moving. 

StiU. 

Difference. 

Moving. 

Still. 

Difference. 

57 

mm 

100 

1-15 

10.7 

0 71 

+0*34 

2 05 

1*86 

+0 19 

05 


1 *18 

1*47 

0 90 

l oe 

-0 07 

217 

2-53 

-0-36 

66 

005 

110 

1*43 

1-20 

K89 

+0 08 

2-30 

2-55 

-0 25 

65 

0-08 

1-60 

1 41 

0*97 

KS9 

+0*24 

2*67 

2 14 

+0-43 

60 

010 

1-75 

021 

1-45 


+0*48 

3*20 

3-47 

-0-27 

67 

0-10 

3-41 

3-76 

1*20 

EB?3 

+0 41 

4 61 

4-55 

+0-06 

7i 

0-10 

3*62 

3*15 

1*98 

2*40 

-0*42 

5 60 

5*55 

+0 05 

08 

0-20 

2 85 

2*77 

1-50 

0*68 

+0*82 

4*35 

•1-45 

+0-90 

65 


1-75 

1*76 

1 44 

0*59 

+0-85 

3-19 

2-35 

+0-84 

*73 


5 74 

5-66 

1-13 

0-98 

+0*15 

0-87 

6-64 

+0-25 

65 


1-65 

200 

HR 

0*74 

+0-44 

2*83 

2*74 

+0 09 

71 


3-70 

4-12 

184 

IB 

+0 10 

5*54 

5 80 

+0*26 


* In this loading, light = 40 units. 


These values cannot be said to show any great regularity, but in view of the 
various difficulties already mentioned that could hardly be expected. With the 
exception of two of the values for 0*2 per cent, sodium bicarbonate the agree¬ 
ment is moderately good. There are ten values in addition to the two already 
mentioned, representing concentrations of bicarbonate from 0*02-0*3 peroent., 
which include the whole region where a divergence between the moving and 
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still conditions, if any, might be expected to arise, with the light used. If the 
differences shown by the two aberrant values have a real physiological significance 
it should, acoording to the experience of former results in Series 60, be possible 
to increase them by speeding up the rate of photosynthesis with an increase of 
other controlling conditions. During the following series, therefore, the 
opportunity was taken to obtain a comparison between the effects of moving 
and still 0*20 per cent, sodium bicarbonate solutions with a doubled light 
intensity. As shown in the previous table the difference in this case was not 
significant, and it was accordingly concluded that no particular meaning was to 
be attached to the two abnormal differences. Of the other values three showed 
assimilation greater in the still solution, and seven showed it Ibbs. 

It may, therefore, be said that within rather wide limits of error the rate of 
photosynthesis in moving and still sodium bicarbonate solutions of the same 
strength does not differ. 

iSeries 73 .—The Rate of Photosynthesis in Solutions of Sodium Bicarbonate 

Flowing at Different Rales. 

Comparisons between two rates of flow could be made with greater accuracy 
than between still and moving solutions with the available method. Results 
of this nature might, therefore, give clearer indications of the effect on photo¬ 
synthesis of movement in these solutions than the experiments just described. 
Sinco any effect would almost certainly bo smaller between two moving solu¬ 
tions, than between the foster movement and stillness, it was decided to use the 
maximum velocities of assimilation, and consequently the greatest opportunity 
for differences, that were possible with the technique. For this purpose the 
light intensity was doubled as compared with the last series, that strength 
giving about the fastest assimilation velocities that could be measured, when 
used in conjunction with the strongest solutions which it was desired to examine. 
The rates of flow were 400 and 600 c.cs. per hour as previously, the reasons for 
using these particular rates being described under Series 68. Fresh material 
was used for each comparison, and concentrations of bicarbonate were taken 
such that carbon dioxide was certain to be the “ limiting ” condition. Respira¬ 
tion readings were taken immediately after each apparent assimilation value 
to obtain the best possible correction for real assimilation in each case The 
results obtained were as follows. 



36 


W. 0. James. 


Table XVL 

Light = 40 units. Temperature = 20-0 ± 0*1° C. 


Date, 

1020. 

NaHCO, 
grammes 
per cent. 

CO a in 
cubic 

cent i roe tree 
per cent. 

Apparent 

AiwuinIatKm. 

Respiration. 

Real AMlmilatkm. 

600 cubic 
centi¬ 
metre* 
per hour. 

\ Q] j f rp n 

600 cubic 
centi¬ 
metre* 
per hour. 

400 cubic 
centi¬ 
metre* 
per hour. 

Differ¬ 

ence. 

600 cubic 
oenti- 
metres 
per hour. 

400oubio 
centi¬ 
metre# 
per hour. 

Differ* 

enoe. 

Juno 1 

0-02 

0*06 

0-76 

1*02 

186 

1 40 

40*46 

2-61 

2*42 

+0*19 

Juno 2 

005 

016 

317 

3 43 

157 

1 44 

40*13 

4*74 

4-87 

DOIl 

May 10 

0-10 

O'32 

4 23 

4 01 

1'57 

1 69 

-0*12 

0 66 

5 70 

-004 

May 17 

mm 

0 01 

5 40 

5*74 

1 *55 

M3 

1-0 42 

6 95 

6-87 

+008 


Iu these experiments the differences of real assimilation are so small as to 
be quite negligible, and the results consequently confirm those given in the 
previous table. The distinction in this respect between carbon dioxide and 
sodium bicarbonate solutions is clear and uniform. 

Discussion. 

It is nowadays customary to regard photosynthesis as a complex of reactions 
falling under the headings of (1) a diffusion phase, (2) a photochemical phase, 
and (3) a chemical, or “ dark,” phase. It is proposed in this section to consider 
the preceding experimental results principally in relation to the first of these 
stages, where they are chiefly of significance. In dealing with water plants two 
stages in diffusion have to be considered, the movement of carbon dioxide in 
the aqueous medium up to the plant surface, and the diffusion thence to the 
surface of the chloroplasts. The diffusion of carbon dioxide in water is slow 
and consequently this external effect cannot be neglected, as it may be in the 
case of land plants where air currents and the relative rapidity of diffusion make 
its effects inappreciable. Tho path from the outside surface of the plant up 
to the chloroplast is normally very short in aquatics whose assimilating organs 
are usually thin, with the result that the .total resistance to diffusion in this 
phase tends to be low. 

In the gaseous exchanges of plants only the external concentration of gases is 
open to direct control by the experimenter. The diffusion factors affecting the 
concentration at the surface of the chloroplast are tho resistance offered to the 
passage of the gas from outside, and the difference between the concentrations 
at the two ends of the path of diffusion. It is of the greatest interest in com 
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section with assimilation problems to fix the relation between the ohloroplast- 
surface concentration and the rate of the process, and this can only be arrived at 
indirectly by a consideration of the gaseous diffusion and its effects on the 
system. 

A theoretical scheme has already been worked out by MaBkell, 1925 (10), for 
the analogous case of land plants. Here the stages of diffusion are the passages 
leading up to the assimilating cells, stomata and intercellular spaces, and the 
passage from the cell surface to the chloroplast. The second of these is practically 
identical with the corresjKmding stage in water plants. The resistance of the 
storaatal phase is variable in its magnitude and, when high, introduces problems 
similar physiologically to those of diffusion through the water layers surrounding 
aquatics. Maskell was able to show that variations in the diffusion resistances 
should have certain definite effects on the curves expressing tho relation between 
external carbon dioxide concentration supplied and the rate of photosynthesis. 

For apparent assimilation he made the following evaluation, in terms of 
concentrations and resistances of the processes involved, 

AA _ c-c, c, 

C, + * L ’ 

L 

where C == the external concentration of carbon dioxide, C, = concentration 
of carbon dioxide at the chloroplast surface, L = light intensity, r r + r, = 
resistances of the two diffusion phases, and k L — dissociation coefficient of 
the compound formed by some photochemical product and carbon dioxide 
(Warburg). 

Substituting arbitrary values in these equations he showed that the form of 
the AA/C curve took on varying shapes for varying values of r x + r t , in such a 
way that the smaller the value of r x + r„ under otherwise constant conditions, 
the more rectangular was the AA/C curve. It will be seen that the changes of 
form in these theoretical curves are similar to those which occur in the experi¬ 
mental results given above. Increasing the flow of the carbon dioxide solu¬ 
tions in these experiments had an analogous effect to reduction of the diffusion 
resistances in Maskell’s deduced curves. 

It is clear, moreover, that the effect of the movement of the solution is to 
reduce the diffusion resistance in the layers surrounding the plant, since diffusion 
shells are thereby broken down and high concentrations brought much nearer 
to the absorbing surfaces. Tho faster the flow the nearer will the concentrated 
layers be brought to the surface of the plant, and the steeper will the diffusion 
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gradient become. The smaller the diffusion resistances, to whatever cause they 
may be due, the nearer one approaches to the ideal condition of a chloroplast 
surface concentration equal to that outside, and consequently experimentally 
controllable. The results of a series which is the nearest approximation to this 
condition that could be obtained, have been described on p. 27. The curves 
in that experiment, although more rectangular than those obtained with higher 
diffusion resistances, do not show a sudden bend in their transition regions, 
which might, perhaps, be thought to be the limiting case. 

The action of bicarbonate solutions is of great interest in this connection. 
Increasing the rate of flow of these solutions had no effect on the rate of photo¬ 
synthesis, a result in sharp contrast with the state of things in solutions con¬ 
taining only carbon dioxide. In low light intensities, and consequent slow 
rates of assimilation, the bicarbonates gave rise to a production of oxygen just 
about equal to the highest obtainable by movement of the carbon dioxide 
solutions; in high light intensities they caused a rate which could not be 
equalled by a rapid flow of a corresponding solution of the gas. It appears 
from these results that the “ buffer action ” of the bicarbonate is more effective 
in maintaining the close-up carbon dioxide supply than any practicable move¬ 
ment of the solutions, and may reduce diffusion resistance to a very low value. 
Since under favourable conditions a pure carbon dioxide solution could bring 
about the same rate of reaction as a bicarbonate solution the experiments 
provide strong evidence that only the free carbon dioxide is normally used in 
assimilation. 

The fact that the assimilation-concentration curve is constant in its form in 
this class of solutions, and corresponds with the best curves obtainable by 
direct measurements with carbon dioxide, suggests that it is something very 
near the desired curve expressing the relation of the velooity of the prooess to 
the concentration at the chloroplast surface. There does not, for example, 
appear to be any reason to suppose that still faster movement of the solutions 
would eventually give a curve with a sharp bend. When it is attempted, however, 
to define these curves at all closely considerable difficulty arises. Not only is 
it difficult to obtain a large enough number of points for sharp definition, but 
the respiratory carbon dioxide effect obscures the lower regions. 

The concentrations shown on the abscises should really be written as 
[COJ + x, x being pictured as an additional concentration of carbon dioxide 
due to local respiration, and at the lower concentrations used » seems to have 
been of comparable magnitude with the supplied [COJ. The form of the 
curve makes extrapolation for a value of x impossible, and even if this were 
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not the case diffusion relations would make the value so obtained of very 
doubtful meaning. It iB possible that this particular effect would not appear 
when low concentrations of a bicarbonate are employed, and the results of 
Warburg with Chlorella lend colour to this view. 

A further difficulty lies in the correction to be made to convert apparent 
into real a ssimila tion. It has been Bhown by Meyer and Deleano (12), Spoehr 
and McGee, 1923 (18), and by Briggs (8) working on the data of Warburg and 
Uyesugi, 1924 (21), that there are reasons for supposing that the rate of respira¬ 
tion during assimilation is higher than when it is measured in the dark. If this 
is so the added correction is too small and all the values of “ real assimilation ” 
shown are too low. From the practical point of view it may be pointed out, 
however, that some unpublished experiments by the present author failed to 
show any measuiable effect of this kind in the particular species used for this 
work, viz., Fonlinalia antipyretica. The experiments were not, however, of a 
conclusive kind. 

The curve of fig. 2 is almost a straight line in its earlier portions, but this 
linearity disappears almost entirely in curves obtained with a faster rate of 
flow of solution, tending to reappear, however, in the corresponding curves for 
higher light intensities. This is illustrated by replotting the curves of Series 
72 (sec figs. 8a and 8b) to make them coincide at a point, when a progressive 
falling away appears in the lower regions of the curves for higher light intensities. 

It is probable, therefore, that the linearity that various workers have found 
at low concentrations* is due to the conditions of diffusion obtaining in their 
experiments rather than to the internal stages of photosynthesis. While it 
cannot be definitely stated from tho foregoing experimental results that the 
relation between ■ surface concentration and assimilation shows a falling-off 
right from the start, there is, on the other hand, no evidence that strict pro¬ 
portionality holds over any range of concentrations. By some writers assimila¬ 
tion curves more or less of this type have been called logarithmic, but there are 
no real grounds for selecting this rather than other types of “ smooth ” curve, 
and before such discriminations can be made very much more detailed results 
are required than any at present in existence. 

The most acceptable idea at present of the relation between the successive 
stages of photosynthesis is to regard them as a series of linked reactions, each 
member of the series being reversible. Willstattcr (22) and Warburg (20) 

* Of. Stiles (19), "... most workers are agreed that in lower concentrations of 
carbon dioxide the rate of photosynthesis ... is approximately proportional to the 
carbon dioxide concentration ” j also Benecke-Jost (4). 
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have put forward views on the nature of these stages. It is possible to insert 
velocity constants in general terms for the various reactions they have sug¬ 
gested and this has been done by Briggs (8). From a mathematical treatment 
he concludes that, on the above assumption, the curve expressing the relation¬ 
ship between assimilation rate and the concentration of carbon dioxide at the 
chloroplast surface should take the form of a hyperbola. The experimental 
curves of the foregoing sections appear to be of this kind, but the reservation 
must still be made that the points on them are insufficient for fine discrimina¬ 
tions. The cumulative evidence of this and other work does, however, appear 
to be in favour of a hypothesis such as that mentioned above, the minor 
differences in observed results being in all probability due to dissimilar diffusion 
conditions in the various methods of experiment. 


Summary. 

1. A reinvestigation of the relation between oarbon dioxide concentration 
and the rate of photosynthesis in water plants is attempted, with special refer¬ 
ence to the conditions of supply of the oarbon dioxide. 

2. An apparatus is described, with which a considerable range of conditions 
can be investigated. 

3. The form of the relation between assimilation, carbon dioxide concentra¬ 
tion and light intensity is determined with a flow of solution of 400 c.cs. per 
hour. 

4. The effect of modifications in the carbon dioxide supply is investigated 
by the use of sodium bicarbonate solutions and different rates of flow. 

5. At 400 c.cs. per hour sodium bicarbonate is found to give rise to a higher 
rate of assimilation than a pure solution of carbon dioxide of an equal partial 
pressure, when no other factor is limiting. 

6. At 600 c.cs. per hour, with low light intensity, and consequent slow 
assimilation, the two solutions give the same assimilation. It would appear, 
therefore, that in bicarbonate solutions only the free carbon dioxide is available 
for assimilation. At a higher light intensity the bicarbonate again gives rise 
to a faster rate than the carbon dioxide solution. 

7. The curves relating both carbon dioxide concentration and b'ght intensity 
to assimilation aro redetermined at an optimal rate of flow (600 c.cs. per hour), 
and it is concluded that they are a series of smooth curves of hyperbolic form. 

8. Increases in the rate of flow of sodium bicarbonate solutions are found to 
be without effect on the velocity of assimilation. In dilute solutions, where 
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the alkalinity is not great enough to be injurious, these solutions appear to be a 
satisfactory medium for determining assimilation rates. 

9. The nature of the curves obtained is discussed in relation to the diffusion 
phase of photosynthesis. 

I wish to express my gratitude to Dr. W. Stiles for suggesting this investi¬ 
gation, to Dr. F. F. Blackman under whose direction the bulk of it was carried 
out, and to Mr. G. E. Briggs for stimulating criticism and advice. 

The incidental expense was defrayed in part by a grant from the Department 
of Scientific and Industrial Research. 
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The Yearly Variations in Plague in India in Relation to Climate: 

Forecasting Epidemics. 

By Sic Leonard Rogers, C.I.E., M.D., F.R.C.P., F.R.S., Lt.-Colonel 

I.M.S. Ret.). 

(Received January 20,1928.) 

[Platss 1—4.] 

It has long been known that plague in India, and elsewhere, has a definite 
seasonal incidence year after year in the same area, although the months of 
maximum prevalence vary in different provinces. E. H. Hankin as early as 
1906 pointed out the disappearance of dog fleas in the hot weather in 
Agra, and he suggested that a similar decline in the rat fleas might account for 
the great fall in plague in the United Provinces of India during the hot season. 
The extensive and valuable Reports on Plague Investigations in India, pub’ 
lished in the Journal of Hygiene from 1906 to 1917, contain numerous data on 
the subject, and they bring out the unfavourable effects of high temperature and 
low humidity on the duration of life of rat fleas separated from their hosts, and 
on their rate of multiplication, and they thus accounted for the seasonal inci- 
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dence of the disease in different areas of India. Farther, the work of Bacot 
in England and of unnamed workers in Poona on the bionomics of fleas showed 
that relative humidities below 60° to 55° F. and high temperatures are unfavour¬ 
able in England, and that in Poona, on the Deccan plateau of Western Indio, 
the life of fleas was five times as great in August, with an 8 a.m. relative humidity 
of 80 per cent., as with one of 45 per cent, in April and early May, when plague 
is at a minimum in that area, where the temperatures are moderate and play 
much less part than humidity in controlling the plague Beason. Moreover, 
studies of the seasonal incidence of plague in different parts of India by the same 
investigators, working under the Advisory Committee nominated by the India 
Office, the Boyal Society and the Lister Institute, showed that a temperature 
of 85° F. caused a more rapid disappearance of plague bacilli from the stomach 
of fleas, with reduced power of infecting animals, as compared with a temperature 
of 70° F., and with the low mean temperature of 50° F. a large number of the 
infected rats died before plague bacilli appeared in their blood, so that their 
fleas had no chance of becoming infected. Rat fleas were also more numerous 
during the height of the plague season, so that climatic conditions clearly 
acted by reducing the number of infected fleas. 

The incidence of plague in different areas of India u as aUo reported on by 
R. St. John Brooks (1) in relation to temperature and saturation deficiency, 
the latter term indicating “ the difference between the actual tension of aqueous 
vapour present in the atmosphere at the temperature in question and the 
tension of aqueous vapour that would be present in a saturated atmosphere at 
the same temperature.” It is thus a measure of the drying capacity of the air, 
and Brooks concluded that a degree of dryness indicated by a saturation de¬ 
ficiency of 0*300 inch (measured in terms of mercury) suffices to prevent 
plague continuing to be epidemic, if the mean temperature is also over 80° F., 
and that a high saturation deficiency rapidly brings an epidemic to an end even 
with a temperature below 80° F., but an epidemic may commence and increase 
with a temperature over 80° F., if the saturation deficiency is below 0*300. 
Moreover, in certain places, including Java and Mauritius, with constantly 
favourable temperature and saturation deficiency, the disease may be prevalent 
indifferently at any season of the year. 

Provincial inquiries by the same body of investigators revealed the important 
fact that the nearly complete absence of plague from Lower Bengal, Assam and 
most of the Madras Presidency, other than that adjoining infected Bombay 
and Mysore territory, could not be explained solely on climatic grounds, but the 
work of L. F. Hirst (2) in Ceylon and of F. W. Cragg (3) in India has since 
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shown that the very low plague rate in these areas is associated with the 
prevalence of X. ostia in the place of X. cheopis as the common rat flea, the 
latter being by far the more efficient carrier of plague, and it Bhould be noted 
that these two fleas had not been differentiated at the time of the work of the 
Indian Plague Investigation Committee's investigators. 

Although there is thus abundant evidence regarding the influence of heat and 
moisture on the average monthly distribution of plague in India, I have found 
very little on record regarding the yearly variations in plague incidence in relation 
to climatic conditions, with the exception of the significant conclusion of T. H. 
Gloucester and F. N. White (4) in No. 83 of the Plague Investigation Com¬ 
mittee's reports, that in the United Provinces of Agra and Oude “ the association 
of unusual humidity during the winter months in certain districts with severe 
epidemics of plague is so constant a phenomenon that we feel justified in 
concluding that the one stands to the other as cause to effect." They regard 
the influence of climate as acting mainly on the life of rat fleas when separated 
from their host, for the longer they survive the greater the chance of their 
producing infection of man. 

During the ten years which have elapsed since the Indian Plague Investiga¬ 
tion Committee's work came to an end, much further material has accumulated 
in India in the form of the monthly and yearly plague mortalities, and a series 
of nearly thirty years’ data are now available for comparing with the climatio 
records, so I have spent many months investigating the subject on similar lines 
to those which reoently enabled me to point out how epidemics of smallpox (6) 
and of cholera (6) in the different provinces of India can be foreseen as a rule 
by watching the rainfall and absolute humidity data. The plague data are 
dealt with in the present paper. 

The Average Annual and Monthly Incidence of Plague in Indian 

Provinces. 

The map shows the average incidence of plague in the different divisions of 
each province during the twenty years from 1901 to 1920, that is, during the two 
decades after the disease had spread over India, and Chart 1 illustrates the 
yearly rates per mi lie for the 25 years from 1900 to 1924 in the different 
provinces, and it shows graphically the remarkably low incidence in Assam, 
Bengal, Madras and Burma as compared with the rest of India, for the data of 
each province given in Chart I are shown on the same scale. In the map 
the rates for the great cities of Bombay and Calcutta are given separately 
from the areas in which they are situated, as their inclusion would give a totally 
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Date of Map of Average Plague Deaths per MiOe 1001-20. 

1—Assam, 0-0013. 2, 3 and 4— EaaL-rn Bengal, 0 00036. ft and 6- Western Bengal, 
A^nlnrling Calcutta, 0 015 } Calcutta, 0-140. 7—Onsaa, 0-0021. 8—Chota Nagpur, 
0-0357. 9—Eastern Bihar, 0-81. 10—Western Bihar. 2-89. 

United Province* Divisions —11—Benaren, 5-90. 12—Corakpur, 3-57. 13—Jhansi, 

0.4Q, 14 Allahabad, 2-82. 15—Fytabad, 1-70. 10—Lucknow, 2-27. 17—Rohilkund, 

1-81. 18—Kamaon, 0-08. 19—Agra, 2-40. 20—Meerut, 3-27. 

Punjab. 21—Amballa, 6-04. 22—Jullunder, 9-18. 23—Iaikote, 10-30. 24—Rawal 

Piadi, 5-22. 28_Multan, 0-95. 25—North-weet Frontier Province, 0-46. 

Boafoy Presidency. _27—Sind, 0*84. 28—Gujerat, 3*66. 29 North Konkan (cxolud* 

lag Bombay City), 1-11; Bombay City, 8-02. 30—South Konkan, 0-31. 31—South 
Deocaa,9-90. 82—North Deccan, 4-18. 

Central Provinces.— 33-Berar, 2-56. 34-Nerbuda, 1-41. 36-nFubbulpore, 1-56. 
38—Nagpur, 2-51. 37 —Chattisgarh, 0-006. 

Madras Presidency. —38—North-East Coast Districts, 0-0014. 39—North Central 
Districts, 0-29. 40—South Central Districts, 0-83. 41—South-east Districts, 0*043 
42—Malabar, 1-05. 
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false impression regarding the plague incidence in the North Konkan and the 
Presidency division of Bengal respectively, which have rates of one-seventh 
and one-tenth of their capital oities, with totally different housing and other 
conditions. 

It will be seen from a study of the map that Assam, Eastern and Northern 
Bengal, Orissa, the North-East Coast districts of Madras and the eastemly 
Chattisgarh division of the Central Provinces, all had rates of under 0*01 per 
mille, shown by widely separated dots. Western Bengal, Chota Nagpur and 
South-East Madras have rates of under 0*1 per mille, represented by closer 
dots. The next highest rates of between 0 • 1 and 1 *0 per mille, represented by 
short vertical lines in the map, are met with in the widely separated areas of 
the most westernly Multan divisions of the Punjab, and the North-West 
Frontier Province, with very dry climates and great cold in the winter months, 
in the sparsely inhabited South Konkan West Coast districts of Bombay, the 
central dry elevated regions of the Madras Presidency, the southern Bundel- 
kand division of the United Provinces, and lastly in the Eastern Bhagulpur 
division of Bihar bordering on North Bengal. The abrupt rise from 0*81 to 
2-89 per mille on passing from Eastern to Western Bihar is very noteworthy, 
as there is no material difference in their olimate, and the Sanitary Commis¬ 
sioner, E. H. Hare (7), in his report for 1921, pointed out that the districts of 
Bihar in which plague has never shown any signs of gaining a permanent foot¬ 
hold, in spite of frequent invasions from neighbouring severely affected districts, 
are characterised by a less dense and poorer population, living in widely 
separated huts built of flimsy materials with thin walls in which rats cannot 
congregate. Further, he states that Kunhardt found 34*4 black rats per 100 
traps and an average of 8 • 1 rat fleas in a badly infected district of Western Bihar, 
but only 0 -1 rats and 4 - 9 fleas per rat in the slightly affected Pumea district of 
Eastern Bihar. Similar scattered thin-walled houses and paucity of rats prevail 
in the nearly plague-free Lower Bengal and Assam, as described in No. 46 of 
the Plague Investigation Reports already referred to, and these unfavourable 
factors appear to be far more important than any climatic conditions in 
accounting for the low plague incidence in these areas. According to Hirst (2), 
little information is on record regarding the species of rat fleas in these areas, 
so the influence of that factor is not yet determined. 

The remaining portions of India show the highest rates of from 1*0 to 9*9 
per mille, and include the remaining portion of Bihar, the United Provinces, 
the Punjab, Qujerat, Deccan and the remaining four westernly divisions of the 
Central Provinces, all characterised by closely aggregated thick mud-walled 
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rat-infested houses favouring a high inoidence of the disease. Rates of 1-0 
to 2*5 are indicated in the map by shading with horizontal lines, those between 
2*6 and 5*0 per mille by crossed oblique lines, and the highest rates of over 
5 *0 per raillo in four divisions of the Punjab and in the South Deccan by uniform 
dark shading. It is in these areas that the yearly variations of the disease can 
best be studied, and Chart 1 shows at a glance how great these yearly fluctua¬ 
tions ore in Bihar, the United Provinces, the Central Provinces and the Bombay 
Presidency, the data of all of which I have studied in relation to the yearly 
climatic conditions. A large map, illustrating the plague mortality in each 
district of India from its commencement in 189G up to 1917, will be found m the 
1917 Annual Report of the Sauitary Commissioner with the Government of 
India. This is very similar to the smaller map accompanying this paper, only 
it shows in a more detailed manner the areas of high incidence. 

The Seasonal Incidence of Plague in Relation to Climate .—Before considering 
the varying degrees of epidemic prevalence of plague from year to year, it will 
be well to study the average monthly incidence in the different areas in relation 
to the average monthly temperatures, humidity and rainfall, which are shown 
for eight selected areas in Chart 2, constructed on similar lines to those of my 
earlier studies of smallpox and cholera. In the lower halves relating to each 
area are Bhown the monthly average plague rates per 10,000 in columns, together 
with the monthly average saturation deficiencies. In the upper halves the 
average monthly rainfall is shown by vertical columns, and curves of the mean 
monthly temperatures are also entered. 

It will be convenient to consider first the relationship of the mean tempera¬ 
tures to the seasonal decline and rise of the plague curve, beginning with the 
striking hot weather decline of the disease. In the first place it should be pointed 
out that the seasonal incidence of plague is very similar in the three northern 
areas of the Punjab, the United Provinces and Bihar, which all show a great 
fall and a prolonged period of low rates during the hot weather and monsoon 
seasons, followod by the commencement of the cold weather rise in the last 
month or two of the year after the complete cessation of the monsoon rains. 
On the contrary, in the Central Provinces and both the North and the South 
Deccan the usual decline of plague in the hot season is of short duration, owing 
to the next epidemic commencing in the monsoon period, although m the 
neighbouring low-lying hot Konkan Bombay coast area no increase occurs 
until the very end of the year, remarkable differences which require to be 
explained. 

The Influence of High Tempo atures.— On turning to the mean monthly 
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temperature curves of the different areas, we find the main cause of both the 
rapid hot weather decline and of the monsoon quiescent period, where it occurs, 
in the rise of the mean temperature to 86° F. and over in the hot season, and its 
remaining at about 85° F. during the rainy season in the three northern areas, 
but falling well below that level during the monsoon in the Central Provinces 
and in both Deccan areas, namely, at just over 80° F. in the Central Provinces, 
just over 75° F. in the North Deccan and at between 70° and 76° F. in the 
South Deccan, in the last two of which the hot weather decline of plague is 
shortest and most incomplete, and the yearly maximum actually occurs in the 
late monsoon and early cold weather months. In the map already dealt with 
I have entered the 75*0°, 80° and the 82*5° F. mean isotherm lines for August, 
at the height of the monsoon, and those serve to bring out the fact that nearly 
the whole of the Dcccan has a mean temperature below 80° and all the Central 
Provinces one below 82 • 6° F., but that the three northern areas, with continued 
low plague during the monsoon, have readings over 82*5° F. It is also of 
interest to note that in the cities of Calcutta and Bombay the mean monsoon 
temperature is between 80° and 80° F., accompanied by low saturation 
deficiencies favourable to plague, and here the diseaqp continues at about the 
same level as at the end of the hot weather decline, which is less complete than 
in the hotter northern areas, although in all the areas the saturation deficiency 
is at its highest level favouring plague during the moonsoon period, so that tho 
mean temperature is clearly a most important factor influencing the monsoon 
level of the disease. 

Humid%ty.~ Here we may consider the absolute humidity or mean vapour 
tension, which proved the key to tho climatic influence on smallpox and 
cholera, or the relative humidity and the saturation efficiency, which run a 
parallel course, as they both depend on the degree of saturation of the atmosphere 
with moisture at the particular temperature. On plotting out the average 
monthly curves for each area, and studying the yearly variations of the absolute 
humidity and the saturation deficiency, I found that the latter showed the 
closer relation to the plague curves, so in Chart 2 I have entered the saturation 
deficiency curves of each of the eight areas dealt with, and have also 
worked out the relative humidity data, which served to bring out the striking 
resemblances between the two. Unfortunately the monthly relative humidity 
data for various stations in India have for long been omitted from the Indian, 
sanitary reports, so for my studies of the yearly variations of plague in India. 
I have worked out the mean monthly saturation deficiencies for about thirty 
years in each area, which were obtained by deducting the monthly, absolute 
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humidity data, kindly supplied me by the Meteorological Department oi India, 
from the saturation point at the mean monthly temperatures of a central place 
in each area, as the monthly temperature and rainfall data are still recorded 
in the Government of India Annual Sanitary Reports. 

Saturation Deficiencies and the Seasonal Incidence of Plague. —It will be 
convenient to consider first the average monthly saturation deficiencies plotted 
out in Chart 2 in relation to the average seasonal incidence of plague. It will 
be seen at once that all the areas, exclusive of the very humid cities of Bombay 
and Calcutta, show a great increase of tho saturation deficiency, indicating 
low degrees of humidity, in the hot weather season of March or April to June, 
acoompanied or immediately followed by the great annual decline of plague. 
Moreover, this decline of plague will be seen to be most complete in the Punjab, 
the United Provinces, the Central Provinces, the North Deccan and Bihar, 
that is, just those areas where the hot weather saturation deficiency reaches the 
highest degrees of from nearly 1*200 in the Central Provinces down to 0*700 
in Bihar. On the contrary*, the decline ij least complete in Bombay City with 
a saturation deficiency never much below 0 * 300, showing the highest humidity 
at this season of all the areas. High degrees of saturation deficiency, indicating 
low relative humidity, therefore play an important part in aiding high tempera¬ 
tures to bring about the hot season decline of plague, as Brooks pointed out. 

The Seasonal Increase of Plague and the Climatic Factors. —The three northernly 
ureas of the Punjab, the United Provinces and Bihar (the data of the last having 
been worked out for Bihar proper, exclusive of Chota Nagpur and Orissa) alt 
show a cold weather increase of plague, coinciding with increased saturation 
deficiency and increased relative humidity, due to the smaller quantity of 
moisture required to saturate the air at the comparatively low temperatures 
now prevailing, and as both the higher relative humidity and tho lower tempera¬ 
tures are favourable to plague, the average monthly data throw little light on 
which of these two factors most influences the cold weather incidence of plague. 
Both factors, therefore, require to bo studied in relation to the great variations 
in the prevalence of plague from year to year m the different geographical 
areas illustrated in Chart 2, which have been selected as having high plague 
rates and varying climatic conditions. 

Yearly Provincial Plague Incidence in Relation to Climate. 

Por the purposes of the following inquiry I tabulated from thirty years’ 
anru ip.] nn.nitji.r y reports of the Government of India the monthly plagne 
mortality figures, the monthly mean temperature and the rainfall of the areas 
vol. cm. —b. B 
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dealt with, and also the monthly absolute humidity data for working out the 
saturation deficiencies. In the case of Bihar and of the South and North 
Deccan the monthly plague data had to be calculated from the district figures, 
and for all areas the monthly rates per mille were estimated year by year to 
enable the high and low rates to be noted, the data numbering over 20,000. 
Next the temperature, rainfall, absolute humidity and saturation deficiency 
data were worked out for each of the four seasons for every year, and the 
influence of each factor on the monthly and yearly variations in the plague 
mortality of each area studied in relation to those data. By this means it was 
ascertained that the monthly mean temperatures during the hot weather and 
the monsoon periods had a definite effect on the monthly and yearly plague 
mortality from year to year, and that the saturation deficiencies in those two 
periods, and also during the two cold weather periods of from October to 
December and of January to February or March also had a definite effect, making 
six factors in all requiring detailed study, but the uniformly favourable cold 
weather temperatures appeared to have little or no effect, so could be omitted 
from the following charts and tables without loss, and with some degree of 
simplification of a complicated inquiry. Further, the annual rainfall was 
divided into the same four seasons for the purpose of tracing its effect on the 
humidity and temperature variations. The two highest plague areas of the 
Punjab and the South Deccan, illustrating the greatest variation in the olimatio 
conditions, have been selected for charting all the above-mentioned factors, 
and owing to the time required to follow all these curves year by year the two 
temperature and four humidity data have been tabulated for years of increasing 
and decreasing plague for those two areas, as well as for the United Provinces, 
Bihar and the Central Provinces, and the yearly plague incidence of each 
province has already been illustrated by Chart 1, in which the figures are 
included in those of Bombay. 

The chart of the Punjab will be first considered in detail as representative of 
the three northern areas with a winter rise of plague, followed by an analysis of 
the tables of the data of the United Provinces and Bihar. Similarly, the chart 
of the South Deccan will be dealt with fully, as representative of the three more 
southern areas with a monsoon increase of the disease, and a table of the Central 
Provinces will also be considered. 

The Punjab. 

The climatic variations of the Punjab are illustrated by Chart 3, which 
contains curves and columns illustrating the following data. In the 
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right-hand part of the chart (3, b) the total and seasonal variations in the 
rainfall are shown below. The full height of the columns represent the total 
annual rainfall, and that of the different seasons is shown by various shading 
thus: the dark shading at the bottom of the column ib that of the cold weather 
of January to March, the oblique lines that of the hot weather from April to 
June, the vertical lines that of the monsoon period from July to September, 
the monsoon being of shorter duration in the Punjab than elsewhere in India, 
and, lastly, the upper dark shading is that of the cold season from October to De¬ 
cember. The columns above the rainfall data in 3 (6) and at the bottom of 3 (a) 
show the yearly total plague mortality, and it is repeated to enable the tempera¬ 
ture curves above in 3 (6), and the saturation deficiencies in 3 (a), to be followed 
year by year in relation to the plague incidence. 

Yearly Variations tn Rainfall t n Relation to Tetnperature and Saturation 
Deficiency .—An examination of the data in Chart 3 shows a general relation¬ 
ship between high rainfall and low temperature and low saturation 
deficiency, indicating high relative and absolute humidity, as might be expected. 
For example, high monsoon rainfall occurred in 1900, 1908, 1909, 1913, 1916 
and 1917, and all showed exceptionally high humidity represented by low 
saturation deficiencies in the monsoon period from July to September; and the 
low monsoon rains of 1904, 1911, 1916, 1918 and 1920 were all accompanied by 
high saturation deficiencies and low humidity. In the years of fairly average 
rainfall, however, such a close relationship is not found to the mean monthly 
humidity, for heavy falls on only a few days in the month will have much less 
effect than a more general distribution of the rain with its accompanying oloud. 
The mean monthly temperature is also higher with little rain and low with well- 
distributed heavy monsoon falls. 

In the hot season from April to June very similar relationships hold good, 
only here the temperature is a most important factor influencing the saturation 
deficiency owing to the small amount of rain at this period, except occasionally 
late in June in years of unusually early extension of the monsoon to the Punjab. 
Thus, the greatest hot weather rainfall in 1909, 1913 and 1917 was in each 
instance accompanied by exceptionally low temperatures and saturation 
deficiencies favourable to plague, and nearly all the yean of very low hot weather 
rains were associated with unfavourable high temperatures and saturation 
deficienci es . 1920 was an exception with low saturation deficiency in spite of 
low rainfall, and was due to a most unusual defect of 6*7° F. in the mean 
temperature of May and smaller ones in April and June, showing the great 
importance of temperature in the hot season. 

k 2 
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In the cold weather periods of low rainfall at the beginning and end of the year 
there is also a close general relationship between high ra infall and increased 
humidity shown as low saturation deficiency, and vice versa, and the exceptions 
are again explained by unusual temperature variations, and they only occurred 
very occasionally in the October-December period, as in 1900, 1916 and 1917 
due to an excess of 4*4° F. in the former year in November, and a defect of 
4*0° F. in the same month of 1917 and of 3-4° F. in 1916. In the remaining 
cold weather season of January to March there was a uniformly close relation* 
ship between high rainfall and high humidity in every year except 1908, 1912 
and 1913, in each of which the comparatively high saturation deficiency was 
accounted for by high temperatures in January or February or in both months. 
Thus in all three seasons of low rainfall the temperature variations have to be 
taken into account as well as the rainfall in explaining the saturation deficiencies, 
indicating once more the importance of the study of the latter data in relation¬ 
ship to plague incidence if accurate forecasts are to be made. 

The Yearly Variations in Temperature in the Hot Seasons. —The yearly tempera¬ 
ture variations from the average for the monsoon months from July to Septem¬ 
ber, and for the early hot weather months of March and April are shown in tho 
upper part of Chart 3 (6), the minus readings above and the plus ones below the 
horizontal line representing the average readings, the former being favourable 
and the latter unfavourable to plague incidence. The monsoon temperature 
data are entered in continued lines, and the variations influence the plague 
incidence in the following year, while the March-Apiil readings, represented 
by broken lincB, affect the disease in the same year, as high temperatures bring 
about a more rapid hot weather decline of plague. The data are obtained by 
dividing the total excess or defect of the mean temperature of each period by 
the number of months included in them, and the mean monthly readings varied 
between 77° and 90° F. in the four monsoon, and between 69° and 80° in the two 
spring months. It will be noted that the yearly variations are very consider¬ 
able, and they greatly exceed the similar data of the South Deccan shown in 
Chart 4 (6), especially in the monsoon period, owing to scanty rainfall more often 
occurring in the Punjab in this season. The temperature in May and June 
averages from 89° to 94° F., which is too high to allow of any material plague 
incidence, and those of the cold weather months are too low to be unfavourable 
to the disease, so their yearly variations have not been charted, as they show 
less dose relationship to the prevalence of the disease. 

Yearly Variations in the Saturation Deficiencies at Different Seasons .—In 
Chart S (o) the transverse lines show the average saturation deficiencies in the 
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four seasons dealt with, and the years in which the curve rises above the average 
indicate low saturation deficiencies or high humidities, and vice versa. Those of 
the lower three curves shown by continued lines of the hot weather, monsoon 
and early cold weather months from April to Deoember influence the plague of 
the following year, and the upper curve in dotted lines of the first three months 
of the year influence the disease in the same year. The figures of hot weather 
months from April to June average 0*772, and those of the monsoon period 
from July to September average 0*511, high degrees occurring when the 
temperature is also high. On the other hand, the cold weather averages are 
0-321 from October to December, and 0*241 from January to March, or read¬ 
ings favourable to plague incidence and occurring during the increased seasonal 
prevalence of the disease. We thus have four saturation deficiencies and two 
temperature curves to consider, and owing to their number I have worked out 
Table I to show the favourable and unfavourable factors in the years of 
increasing plague in the upper half, and those of decreasing disease in the lower 
half, so as to allow the importance of each factor to be seen at a glance without 
the necessity of tracing each curve for every year to ascertain their influence. 

Major variations from the normal are shown by-when the temperature 

or saturation deficiency is low, and thus favourable to high plague incidence, 
and by + + when high and unfavourable to the prevalence of the disease, 
and by a single sign when the difference from the normal is not so great. A 
blank indicates that there was no material variation from the normal. 

Table, of the Climatic Factore influencing Plague Incidence tn the Punjab .— 
It will be seen from Table I that in the seven years of increasing plague, shown 
in the upper part, all the signs, except one of minor degreo, were minuses, 
indicating low temperatures and saturation deficiencies favourable to plague. 
Similarly, in the lower part of the table, showing six years of great decrease of 
the disease, the great majority of the signs are plus, representing high tempera¬ 
tures and saturation deficiencies unfavourable to the disease, and only one of the 
contrary signs is of the major degree. Further, of the seven contrary signs in 
the whole table three fall under the March-April temperature, which only 
influences tho termination of the annual rise of plague, and two others occur in 
April -June and one in the January-March saturation deficiencies. This 
leaves only one minor contrary sign in the three most important factors for 
forecasting plague epidemics, namely, the temperature and saturation dcfioiency 
in the monsoon months, and the latter factor in October to December, for the 
data of the first two are available before plague begins to rise in this province, 
and the last before any material rise has taken place. Tho tabic, therefore, 
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affords very strong evidence regarding the influence of all six factors on plague 
incidence, and this is greatly enhanced when the monthly variations of the 
disease are examined in detail, for I find that in every case when the climatic 
variations were of the major degree, their influence could be traced in just 
those months the particular factor might be expected to influence most, examples 
of which will be given later. 


Table I.—Climatic Factors influencing Plague Incidence in the Punjab. 


Year. 

Data of previous year 

Data of same year. 

Tempera¬ 

ture. 

baturalion deficiencies. 

Temperature. 
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Thus the influence of low temperatures and saturation deficiencies in April 
to June in favouring plague is seen in comparatively little fall in May or even in 
June, in oonsequenoe of which the decline is not as great as usual in the monsoon 
period, and the disease is liable to be carried over to the next cold season. 
Similarly, favourable conditions in the monsoon period, due to heavy rains, 
are shown in an early rise in the late monsoon and early cold weather months 
followed by a great rise in first quarter of the succeeding year. 

Again, in the six years of greatly decreased plague high temperatures and 
saturation deficiencies were present in the monsoon period, July to September, 
in every one, as shown in lower part of Table I, and in 1916 and 1921 
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both factors were also unfavourable in the first four months of those years, 
with the result that coming on the top of the unfavourable monsoon factors of 
the previous year, the plague rates fell to the lowest rate in the whole of the 
twenty-four years since the disease became well established in the province. 
In view of these striking facts it is unnecessary to go through the wearisome 
task of analysing each of the six curves in detail, as it will suffice for my purpose 
to explain the most striking yearly variations in plague incidence shown in 
Chart 3. 

Analysis of the Principal Punjab Plague Variations .—Plague first became 
prevalent in part of the Punjab in 1901 with a mortality of 0-84 per mille, 
which rose to 8-78 per mille in 1902 with further extension of the affected 
areas, and it became generally prevalent throughout the province in 1903 
with a death-rate of 9-60 per mille, only a slight increase on the previous year 
owing to the climatic conditions not being especially favourable. In 1904 the 
mortality jumped to 19-82 per mille with favouring low saturation deficiencies 
in 4he previous monsoon period and in January-March, 1904, as well as low 
temperature in March and April, which resulted m the second highest May and 
June rates of the series of years, fully accounting for the great rise. 1905 also 
showed the high rate of 16-65 per mille, with favouring humidity and tempera¬ 
ture in the early months of the year. In 1906 a remarkable drop to only 4-66 
per mille took place, followed by the record rise, showing that the initial influence 
had not exhausted itself, so the temporary 1906 decline is of especial interest. 
The chief factors in bringing this about were high saturation deficiency, accom¬ 
panied by the record high temperature, in the monsoon period of 1905, coming 
on the top of high temperatures in April to June, which had brought about a 
decrease of plague in June, 1905, to one-tenth of the May rate, with the result 
that the disease remained at a low rate throughout the second half of 1905, 
and in the usual maximum season early in 1906 it remained far below the level 
of the previous four years. The 1906 decline is thus fully accounted for by these 
unusually unfavourable climatic features, all of which occurred several months 
before the main annual rise of the disease, so that with a knowledge of the factors 
I have now worked out this extraordinary decline might have been foreseen. 

In 1907 plague reached its maximum in the Punjab with 30-27 per mille, or 
608,685 deaths from this disease alone in one province of India, and this great 
increase waB favoured by the following climatic conditions. In the first place, 
low temperature in March to April prevented the usual decline of plague in 
May, and low saturation deficiency in July to September also favoured the 
carrying over of plague through the monsoon period, with resulting unusually 
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early increase in September, when it is low in normal years, and a steady increase 
during the last four months of the year, to reach a comparatively high point 
by December. On the top of these favouring conditions came very low satura¬ 
tion deficiency in January to March, 1907, accompanied by a rapid rise of 
plague in the usual season, and this was accentuated still further by the record 
low temperature of the whole scries of years in March and April, with the result 
that the disease reached unprecedented heights in April and continued at the 
same extreme level m May, in place of the usual decrease of that month, and both 
June and July also showed record rates, fully accounting for the phenomenon 
dealt with. 

Fortunately the climatic factors now became equally unfavourable, resulting 
in the record decline of plague in the following year, 1908, with a rate of only 
1'53 per mille, and this was due to unfavourable high saturation deficiency 
continuously through the three seasonal periods of from July, 1907, to March, 
1908, with especially high rates in the first and third periods charted, while the 
temperature was also unfavourably high in the monsoon period of 1907 ; fully 
accounting for the exceptionally low plague rate in 1908 in spite of a high 
incidence up to September, 1907. 

The rate remained at the low figure of 1*77 per mille in 1909 with nearly 
normal climatic features, but in 1910 it rose once more to 6*74 per mille with 
favouring low temperatures at both periods, and also two periods of low satura¬ 
tion deficiencies, and in the absence of any unfavourable climatic factors the 
rate continued at the relatively high figure for the period subsequent to the 
great initial epidemic of 8*89 per mille. In 1912 plague declined once more to 
only 1 *64 per mille with slightly favouring low temperature in the hot weather 
of 1912, but with four of the remaining five climatic factors unfavourable to 
the disease, and a second low year ensued in 1913 with two unfavourable and 
one favourable factor. In 1914 a slight increase to 3*31 per mille accompanied 
favouring low temperatures at both periods and nearly average saturation 
deficiencies, except for one favouring rate, but in 1915 the incidence rose greatly 
to 11*48 per mille as the result of favourable low temperature from June to 
October, and low saturation deficiencies continuously during the three periods 
from April to December, 1914, with the result that the moderate rise of 1914 
was carried on to 1915 in an accentuated degree. Fortunately, this epidemic 
rise wob chocked by a slight excess of temperature in March and April, 1915, 
followed by all the six factors from the hot weather of 1915 to April, 1916, 
being highly unfavourable, with the sole exception of a normal saturation 
deficiency in October to December, with the result that 1916 showed a fall to 
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the record low rate of 0*17 per mille. In 1917 there was a slight rise to 9 45 
with favouring saturation deficiency in the monsoon period and favourable low 
temperatures, but 1918 showed a considerable increase to 4*94 per mill e, with 
both temperature and three saturation deficiency readings from April to Decem¬ 
ber inclusive low and favourable to the disease. In 1919 the plague rate fell 
again to 0*57, as the result of high temperature and saturation deficiencies in 
the important monsoon period, and continued low humidity in October to 
December, and no factors favourable to the disease, and it reached the record 
low figure of 0-13 per mille in 1921, with all the factors unfavourable to plague 
except slightly low saturation deficiency in the hot season, and four of the factors 
highly unfavourable. 

Lastly, a moderate rise took place to 2-24 per mille in 1923 without the 
occurrence of any strikingly favourable climatic conditions, and the rate in¬ 
creased greatly once more to 12*24 per mille in 1924, accompanied by favouring 
low temperature in July to October, 1923, and low saturation deficiency in the 
same monsoon period, and no unfavourable climatic factors, with the result that 
the rise in 1923 was earned over the monsoon period, during the latter part 
of which it was at a higher rate than in any year since the initial great epidemic 
ones, and became epidemic once more in the early months of 1924, no less than 
seventeen years after the first epidemic reached its height in 1907, indicating 
that further epidemics are not unlikely when the climatic conditions favour a 
recrudescence of the disease. 

It will also be observed that the 1924 outbreak caused the highest plague 
mortality since 1907, yet the climatic factors were only moderately favourable, 
so it Beems probable that it was also favoured by the prolonged quiescent period 
in 1919 to 1922 inclusive, possibly by allowing of the accumulation of a large 
percentage of susceptible rats, for it is well known that after an epidemic 
many of the rats arc for a time insusceptible to the disease. 

Summary.- -The foregoing detailed analysis shows that the yearly incidence 
of plague in the Punjab can be explained very well by the climatic factors 1 
have indicated being favourable or unfavourable as the case may be. Further, 
their influence can be traced on the monthly distribution of the disease, the 
rises or falls being in just those periods and in the direction which the particular 
abnormal factor might bo expected to produce, so the analysis affords striking 
evidence of the importance of the yearly variations in the climatic conditions 
in influencing the monthly and yearly incidence of plague in the Punjab. Further, 
the fact that no less than four of the six factors become apparent during the 
eight months previous to the seasonal rise of the disease in December or January 
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should enable the epidemic increases and the decreases of the disease to be 
foreseen in the future with a fair prpbability of accuracy, and this makes the 
study a matter of some practical importance. The two remaining factors 
operating from January to April affect mainly the height of the epidemic rise 
in the early months of the year, so they are of value in determining the duration 
of the high annual inoidence. As the Punjab shows the highest plague incidence 
in the northern areas of India, and also has the greatest yearly climatic and plague 
variations, it is the most important area of this region for Buch a study, and 
the United Provinces and Bihar, with similar seasonal distribution of the disease 
to the Punjab, can be dealt with more briefly to asoertain if the Bame influences 
affect the yearly variations in them also in a similar manner. 

United Provinces of Agra and Oude. 

The United Provinces stretch along the Ganges valley from the Punjab in 
the west to Bihar in the east, and Chart 2 shows that the average monthly 
prevalence is similar in all three, with the exception that the mmimiim season 
lasts longest in the Punjab and ends earliest in Bihar, in accordance with the 
later rise of the unfavourable hot weather temperature from the south-east to 
the north-west. Moreover, both the yearly variations in the plague incidence, 
shown in Chart 1, and the climatic factors of temperature and humidity vary 
most in the Punjab and least in Bihar. All three areas derive their rainfall 
largely from the monsoon current sweeping up the Ganges valley from the Bay 
of Bengal from June to October, but the western divisions of the United Pro¬ 
vinces and the Punjab also receive some from the Bombay branch of the mon¬ 
soon current, so it is not surprising that the climatic factors already shown to 
influence the yearly plague incidence in the Punjab are also operative in the 
United Provinces and Bihar. I have therefore worked out the same climatic 
factors for the two more easterly areas, and have made out tables on similar 
lines to Table I of the Punjab, which suffice to demonstrate their influence in 
a simple and easily demonstrated manner. 

The recorded plague incidence in the districts of the United Provinces show 
that the disease took several years to become disseminated throughout this 
extensive area, and this is illustrated by the step-like rises of the total annual 
incidence from 1902 to 1904 in Chart 1, but by the end of 1904 this process 
had been completed, so we can study the influence of olimate on the disease 
from 1906 onwards. The first part of Table II shows the variations in the six 
olimatic factors already described on plague prevalence in the yean of con¬ 
siderable increase of the disease on the previous year, and it will be seen at 
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Table II.—Climatic Factors influencing Plague Incidence in the United 

Provinces. 
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once how closely the data correspond to those in Table I of the Punjab. This 
is due to the fact that four of the seven years showed a great increase in both 
provinces simultaneously, namely, m 1907,1910,1911 and 1918, and two of the 
remaining years also showed high rates in both provinces. The only exceptions 
are 1917 with a moderate increase of plague in the United Provinces alone, 
and 1915 with a rise of the disease in the Punjab only, and these are explained 
by an excess of the monsoon rain, with the usual accompaniment of low 
temperatures and saturation deficiencies favourable to plague, in the Punjab 
alone in 1914-15, but a considerable defect of the monsoon in the United 
Provinces; while in 1916 there was excess of rain in July only in the Punjab, 
but in June and August to November inclusive in tho United Provinces, with 
the usual effect of increasing plague in the following year. 
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It will also be noted that in Table II low saturation deficiencies of April to 
June are not so constant in the years prior to plague increases as in the Punjab. 
This is due to the temperature not rising so high in the latter province, and 
Table III shows that this factor has still less influence in Bihar with a still milder 
hot season. With that slight exception the causes of increased plague are the 
same in all three areas. 

On turning to the years of considerable decrease of plague in the United 
Provinces in the middle part of Table II, it will be observed that all four years 
also showed a similar great decline in the neighbouring Punjab, and this was 
due to the same causes of unfavourable high temperatures and saturation 
deficiencies, those of April to June again showing leas influence in the more 
easterly United Provinces with less excessive heat at this period, so it is 
unnecessary to follow the data in detail. Once more, the years of continued low 
plague in the last part of Table II show that in these years the unfavourable 
climatic factors predominated greatly over the favourable ones, but they less 
frequently showed the major degrees represented by + + except in the case 
of the saturation deficiencies of January to March, which comes too late to do 
more than lessen the height of the late cold weather rise of plague. 

Summary .—The climatic factors influencing the yearly variations of plague 
are essentially the same as in the Punjab, and due to the monsoon rains 
affecting both provinces, and they are equally valuable in allowing very 
probable forecasts of the disease to be made several months before the 
annual rise of the disease. 

Bihar. 

In the Bihar area the extent of the yearly plague variations, as Bhown in 
Chart 1, is again less than in the neighbouring more westerly United Pro¬ 
vinces on account of the seasonal rainfall, humidity and temperature showing 
greater uniformity. Table III shows the temperature and saturation deficiencies 
in years of increasing, decreasing and of continued low incidence of plague, as 
in the last table, except that the hot weather saturation deficiency is calculated 
for April and May only, because the earlier onset of the monsoon lowers that of 
June below the level unfavourable to plague, and the average reading for April 
and May is only 0 * 601 in Bihar against 0 • 815 and 0 *792 in the three hot weather 
months of the United Provinces and the Punjab respectively. In consequence 
this factor has comparatively little influence in Bihar, as shown by column 2 
in Table III, and should be omitted in forecasting epidemics there, but it has 
been entered to allow of comparison with the other provinces. 

With the omission of the April and May saturation deficiencies, in the eight 
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yearn of increasing plague only one unfavourable climatic factor of minor degree 
remains, and the years of decreasing plague show a considerable preponderance 
of unfavourable climatic factors (except in the April-May saturation deficiency 
as just explained), especially among the remaining three operating in the previous 
year, which arc of the greatest consequence in forecasting plague, for those of 
January to April only affect the height of the seasonal rise at that time, and not 
the origin of the epidemics. Further, the years of continued low plague at the 
bottom of the table also show a considerable majority of factors unfavourable 
to the disease, and they were particularly well marked in 1909 with the lowest 
Bihar plague mortality in the twenty-five years dealt with. On examining 
tables of the monthly incidence I also found in both Bihar and the United Pro- 







62 


Sir L. Rogers. 


vinces a close correspondence between the particular favourable or unfavourable 
climatic variation and the rises and falls of the monthly incidence as com¬ 
pared with the averages for each month, leaving no doubt regarding their 
effects in these areas as in the Punjab. 

Summary .—The climatic influences on plague incidence in Bihar are similar 
to those in the United Provinces and the Punjab, except that owing to the 
milder hot weather and lower saturation deficiencies in April and May this 
factor exerts comparatively little effect on the curves, so very probably 
forecasts are also possible in Bihar. 

Central Provinces. 

The Central Provinces lie between the United Provinces and Bihar to the 
north-east and the North Deccan area of the Bombay Presidency to the south¬ 
west. The plague prevalence is of special interest in this area owing to its 
having the seasonal incidence of the Deccan but the hot weather temperatures 
of Northern India, as shown in Chart 2, due to the high hot weather temperature 
and saturation deficiency bringing down the disease to a very low level, but 
the monsoon temperature is not high enough to prevent a recrudescence once 
more in August to October, much earlier than in the northern areas with higher 
monsoon temperatures, and the disease continues to be prevalent throughout 
the cold weather up to March. A single epidemic therefore extends over the 
latter part of one year and the early part of the second, necessitating the study 
of the plague data from June of one year to May of the next, and I have 
worked out the necessary data in the place of the annual rates. The compara¬ 
tively low plague incidence in the Central Provinces is mainly due to only the 
western divisions on the Deccan side having high plague rates, as shown in the 
map. It will also be observed from Chart 1 that the epidemic rises in the Central 
Provinces occur in the Bame years as a rule as in the Bombay Presidency, and 
the latter curve is essentially the same as that of the Deccan, whioh constitutes 
the largest, the most populated and the most plague-stricken portion of Bombay 
as a whole, as shown in the map. 

Analysis of the Yearly Plague Incidence -in Relation to the Climatic Factors .— 
The six olimatic factors influencing plague are given in Table III for all the 
years from 1903-04, when the disease had become generally prevalent, up to 
1920-21, after which there were no material variations in its prevalence, so the 
following analysis will enable the influence of climate on its incidence to be 
traced. Owing to the hot weather decline of the disease occurring earlier here 
than in Northern India, the variations in the temperature in April to June 
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Table IV.—Climatic Factors Influencing Plague Incidence in the Central 

Provinces. 
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mainly affect the carry-over of plague to the following monsoon rise of the 
go the data are placed in the first column, but otherwise the table is 
constructed on similar lines to the previous ones. The years in which plague 
low or high are entered, m addition to those in which it rose and fell, 
so as to allow a continuous series of seasonal curves of plague to be studied. 

It will be seen at a glance that in both the yearn of increasing disoase and in 
th ose of continued high prevalence, the favouring climatic factors of low 
temperature and low saturation deficiency greatly preponderate, and it is 
noteworthy that none of the few opposite signs are of major degree 
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Similarly, in the years of decreasing or continued low plague in the lower half 
of the table, unfavourable high temperatures and saturation deficiencies pre¬ 
dominate to a large extent, except m the first and third columns relating to the 
olimatic conditions in the hot season from March to June, which is also the 
season when two of the three adverse signs in the upper half of the table occur, 
so the temperature and humidity of the hot season is less closely related to the 
yearly variations of plague than the data from July to February, much as wo 
found to be the case in Bihar. The significance of this will appear in the 
following analysis of the yearly variations, in which the influence of the different 
factors on the monthly incidence will be mentioned, as in the case of the Punjab. 

It was not until 1902--03 that plague became widespread in the Central Pro¬ 
vinces, with a rapid increase from December to April, coinciding with decreased 
saturation deficiency from October to February. In 1903-04 there was a further 
rise from 3*02 in the previous season to 4*84 per mille, which began in August 
with low saturation deficiency from July to September and also in October to 
December. 1904-06 showed a decrease to 1 *26 per mille, with only moderately 
high saturation deficiency in the monsoon period, and low readings in October 
to December, so this appears to be swinging back after the initial severe outbreak, 
as a similar decline took place at the Bame time in the neighbouring North Deccan. 
In 1906-06 the disease remained low, with three adverse climatic factors and no 
favouring ones. 

1906-07 showed a rise of plague mortality once more to 3*26, for although 
the incidence was very low in June and July in relationship to moderately 
unfavourable temperature and humidity, but with favouring factors during 
the last four periods from July to February, the disease increased considerably 
in the last five months of 1906, and showed a great rise in the first four months 
of 1907 with high humidity. 

In 1907 -08 plague declined to the lowest rate in the first ten years of its 
prevalence, namely, 0*79 per mille, in spite of the disease having been unusually 
prevalent for each month up to September, owing to very favourable low 
temperature and saturation deficiency in the hot season of March to June, 1907. 
Fortunately, both the temperature and humidity were unfavourable during the 
monsoon period, and this was followed by exceptionally unfavourable high 
saturation deficiency from October to December, with the result that the disease 
declined in a most unusual manner for this season and remained low in the 
early months of 1908, a remarkable example of unusual monthly incidence being 
at once explained by the climatic factors under consideration. Moreover, 
plague continued at the low point of 0*80 per mille during 1908-09, with the 
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lowest hot weather rate of the first ten years of plague coinciding with very 
unfavourable temperature and humidity, and also low rates early in 1909 with 
unfavourable winter humidity. 

In 1909-10 plague began to increase as early os August, and continued high 
up to February, with a rise of the mortality to 2*69 per mille, due to both the 
temperature and three of the four humidity periods being favourable to the 
disease. The rates remained high during the next two years, with 2-10 and 
2’05 deaths per mille, with three favouring and one unfavourable factor in 
1910-11, while in 1911-12 there was low prevalence in the hot weather and early 
monsoon period, due to moderately unfavourable saturation deficiencies from 
March to September , but high degrees of humidity in the two successive periods 
from October to February again resulted in plague rates above the monthly 
averages from November to April, in accordance to expectations. 

1912-13 showed a remarkable decline to only 0*07, and m 1913-14 plague was 
practically absent, with under 0-01 per mille, and it is very noteworthy that 
in neither of these two years was a single one of the climatic factors favourable 
to plague, while three in the first and four in the second year were unfavourable, 
two in each year being of the major degree. 

In 1914-15 the plague mortality rose again to 0-89 per mille, with five 
favourable and no unfavourable climatic factors, and in 1915-16 there was a 
further increase to 1 35 per mille, with very favourable humidity conditions in 
the October to December period, when the monthly death rates first rose above 
the average, and this rise followed low rates in the earlier months with moderately 
unfavourable climatic conditions Tn 1916-17 a further striking rise to 3-24 
per mille occurred, with four favouring and no unfavourable climatic factors, 
and it is again noteworthy that the highest mortality occurred comcidently 
with the particularly low saturation deficiencies during the two successive 
periods from October to February inclusive. 

1917-18 was distinguished by showing the lowest temperature and satura¬ 
tion deficiencies in the hot season from March to June of the whole series of 
years, in relation to which plague continued at the highest level for those months 
of the twenty years analysed, and it continued to increase to the end of the 
year coincidently with favouring climatic conditions from July to December, 
and the rate for the year continued at the high level of 2*31 per mille. 

In 191&-19 the rate declined to 0-18, for, although the hot season was favour¬ 
able to the disease, yet from July right on to December the humidity was 
exceptionally unfavourable to the disease, and a slow rise from July to October 
as iimiftl was converted into a fall in November, when the disease usually 
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increases, and favouring humidity in January and February caused only a 
slight rise, the whole year being a low one. 

In 1919-20, with five out of the six climatic factors favourable to plague, a 
sharp rise to 1*34 ensued, only to decline again to0*30 in 192(1-21, with moder¬ 
ately favourable climate in the hot season resulting in a rise to a relatively high 
rate in August; but major degrees of saturation deficiency throughout the three 
periods from July, 1920, to February, 1921, brought the mortality down to the 
lowest of the whole scries of years with the exception of 1913-14. During the 
last three years from 1921-22 to 1923-24 plague continued at a fairly uni¬ 
form low rate, with the climatic variations for the most part of a moderate degree, 
and mostly unfavourable to the disease, accounting for the absence of any 
epidemic rises. 

Summary .—The foregoing analysis is in complete accordance with those of 
the three northern areas in showing both a close relationship between favouring 
climatic conditions and increased plague and vice versa, and also in demon¬ 
strating that the venations of the mortality rates at any particular season are 
in accordance with the major variations in the corresponding climatic con¬ 
ditions. Moreover, as the two hot weather factors, and to some extent the 
monsoon ones, are apparent before the main seasonal rise of plague takes place 
from September to March, it should be possible to foresee the epidemic rises 
to a considerable extent in this province, although not so fully as in the more 
northernly areas previously dealt with, in which the yearly rise does not 
commence until December or later. 

The Deccan 

There remains among the badly infected plague areas of India the Deccan 
Plateau between the Western Ghats and the Central Provinces and Hyderabad 
State to the east, ft is characterised by a very mild hot weather and low mon¬ 
soon temperature, resulting in a very short and incomplete hot weather remis¬ 
sion of plague, as shown in Chart 2, and these features are especially marked in 
the South Deccan districts of Belgaum, Bijapur and Dharwar, where the 
maximum yearly incidence is in September to November; but the rates continue 
high up to February, explaining the fact that this area has the highest average 
plague incidence in India, as shown in the map. I have therefore shown the 
yearly variations of plague and the olimatic factors in Chart 4, constructed on 
similar lines to Chart 3 of the Punjab. 

Rainfall and Temperature and Humidity .—The rain in the cold weather 
months of January and February is usually absent, and it only exceeded 0*12 
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of an inch in the five years with dark shading at the bottom of the columns in 
the lower part of Chart 4 (A), mall of which the saturation deficiency was low, 
indicating high humidity. In .the hot weather months of March to May the fall 
varied between 1*02 and 10 ■ 42 inches, and is Bhown by oblique fines, and the 
three years of highest rainfall Bhowed high humidity, and the three with the 
lowest rainfall all recorded low humidity. The temperature is an important 
factor in this season, years of high temperature as a rule showing low humidity 
and vice versa. A very large proportion of the annual rain falls in the monsoon 
months from June to September, and is shown by vertical lines, and heavy 
rainfall is usually accompanied by high humidity and low temperature, 
although the rainfall in this area is rarely much in defect, so the monsoon satura¬ 
tion deficiency vanes very little from year to year, as shown in the top curve of 
Chart 4 (a), and the monsoon temperaure also varies far less than in the Punjab, 
for example, as shown in the second curve from the top iu Chart 4 (6). Owing 
to uneven distribution of the monsoon rain, the years of the highest falls do not 
necessarily show very high humidity, for m both the wettest years of 1912 
and 1914, with 71-86 and 86-88 respectively, over 40 inches fell in July alone 
and the saturation deficiency of the four monsoon months ahowf <1 very little 
fall below the average, explaining once more why the humidity records are of 
greater importance than the rainfall data in relation to plague incidence. 

There only remains the rainfall of October to December, shown by dark 
shading at the top of the columns, and this has an important influence on the 
humidity at this season, when plague reaches its maximum, and the saturation 
deficiencies show much wider variations than during the monsoon, as shown in 
the second curve from the top in Chart 4 («). The data show that in the three 
years of excessive rainfall in 1902, 1916 and 1917 the saturation deficiencies 
were exceptionally low, and that in 1899, 1907, 1908 and 1923 exceptionally low 
rainfall was accompanied by high saturation deficiencies. Further, minor 
variations from this rule are almost all explained by temperatures above the 
normal, increasing the saturation deficiency and vice versa, so the relationship 
is almost constant, and high rainfall in the last quarter of the year, especially 
if (uwomtifd with low temperature, as is commonly the case, is favourable to 
high plague incidence in the South Deccan. 

Temperature .—The yearly variations m the hot weather temperature from 
Maroh to May, and that of the monsoon period of July to September, are shown 
in Chart 4 (6), and the latter is too low to inhibit plague, and it varies too little 
from year to year to influence the disease materially, never having reached the 
major degrees indicated by — — or + -J- in Table V of the South Deccan 
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climatic factors. The hot weather temperature varies rather more, but only 
once reached the major degree, and the mean monthly temperature at 
this season only varied between 79° and 81*0° V., so this factor also has 
comparatively little influence on the yearly plague incidence, especially as 
compared with the Punjab. 

Saturation Deficiencies. —These factors remain as the most important m this 
area, although the monsoon one does not vary greatly from year to year. The 
highest saturation deficiencies are met with in the hot weather, as elsewhere, 
but the average figure is only about 0*500, or much lower than in Northern 
and Central India, but sufficiently high to bring about the annual hot weather 
fall of plague in the Decoan. The October to December figure averages just 
under 0 * 300, and the yearly variations are considerable in degree, so this is a 
most important climatic factor, occurring as it does at the height of the plague 
season. The South Deccan, therefore, presents very favourable conditions for 
studying the effect of varying saturation deficiencies on the yearly plague inci¬ 
dence, as the temperature conditions exert far less effect than in the areas so 
far dealt with, so the data in Chart 4 and Table V may now be analysed in 
detail. 

Analysis of the Yearly Climatic and Plague Variations tn the South Decoan .- - 
The outstanding feature of plague in this area will be seen from Chart 4 to be 
the high prevalence from 1901-02 to 1904-05, and the recrudesenceB in 1911-12 
and from 1915-10 to 1917-18. The periods are taken from June of the first 
year to May of the second, to cover each seasonal rise. The Southern Deccan 
was first affected by plague from Bombay as early as 1897-98, and in 1898-99 
the mortality increased greatly from 0*40 in the previous penod to 17*36 per 
mille, with favouring low temperatures in both periods and very low saturation 
deficiencies from March to December, and no unfavourable factors. In 1899- 
1900 there was a considerable decline to 7 *45 per mille, owing to a slight excess 
of plague up to November, due to favouring hot weather and monsoon climatic 
factors being changed into low rates for the rest of the period, in accordance 
with very high and unfavourable saturation deficiencies for the two periods 
from October to February inclusive. In. 1900-01 a further decline to 3*21 
per mille took place, in relation once more to major degrees of high saturation 
deficiencies throughout the mam plague season from October to February, 
moderately low temperatures from March to October producing little apparent 
effect on the disease. 

A great rise to 26 • 98 took place in 1901-02 as the beginning of four very bad 
years, and this increase was associated with five of the six climatic factors 
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Table V.—Climatic Factors influencing Plague Incidence in the South 

Deccan (Bombay). 
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being favourable to the disease. .The rate of 1902-03 was almost the same, 
namely, 26*27, in spite of the incidence having been comparatively low in 
June and July in relation to unfavourable temperature and humidity in the 
hot season, for subsequently the rates were high in association with major 
degrees of low saturation deficiency in the two periods from October to February 
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inclusive, the monthly incidence being once more in accordance with the 
particular seasonal variations of the climatic factors. In 1903-04 plague 
increased still further to the maximum rate of 34*83 per mille, in spite of un¬ 
favourable saturation deficiency in the hot season and moderately unfavourable 
high temperature in the monsoon period, so in this year the climatic factors 
failed to indicate the course of the disease. 

In 1904-05 a considerable fall to 21 *02 per mille was Been, due solely to high 
rates up to November, then undergoing a great decrease in association with 
a major degree of high saturation deficiency in October to December and a 
minor one in January and February. 1905-00 showed a further great decline 
to only 2 • 9G per mille, and this year showed moderate plague rates from August 
to November, m relation to favouring hot weather climatic condition, but little 
plague during the remainder of the period with unfavourable high monsoon 
temperature and high saturation deficiency in October to December. 

During the next five years plague remained at a low level, and it is note¬ 
worthy that in every one of these years the climatic factors were predominatingly 
unfavourable to plague, especially the important saturation deficiencies. 

In 1911-12 a remarkable rise of the mortality to 22 • 51 per mille was recorded, 
due mainly to the terribly high incidence of 37-68 per mille in the Dharwar 
district with infection of no less than 56 per cent, of the villages, and 61 per 
cent, of the whole of the plague of the whole of the Bombay Presidency took 
place in the three South Deccan districts, indicating some local conditions 
favourable to the spread of the disease, such as a special pilgrimage, for the 
climatic conditions showed only a minor excess of saturation deficiency in the 
hot weather aud no factors favouring the disease Tho annual sanitary reports 
for Bombay throw no light on the cause of this sudden epidemic, which caused 
high death ratls from June, 1911, to January, 1912, so it remains unexplained. 
In 1912-13 an equally rapid decline to 3*44 occurred with minor degrees of 
unfavourable saturation deficiencies in March to May and in January and 
February, and moderately favourable ones in October to December, and the 
rates remained low during the next two years with only minor climatic variations 
from the normal. 

In 1915-16 a use took place from 2*19 in tho previous period to 6*96, with 
Blightly high temperature in the monsoon period, but favourable low saturation 
deficiencies in the other three seasons of the year, and especially from October to 
December, when the main rise occurred. The rate remained high at 9*06 in 
1916-17 with minor degrees of unfavourable conditions in the hot season, but 
favouring major degrees of low saturation deficiency from October to February, 
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wheu the disease was at its height, and 1917-18 again showed a high incidence, 
8*95, with four favouring minor degrees of climatic variation, and no opposing 
ones.. 

The last live years of the chart show low and slightly varying plague incidence, 
and it will suffice to point out that these years of continued low prevalence all 
showed predominating minor degrees of high temperature and saturation 
deficiency unfavourable to plague. 

Summary .—With the exception of the unexplained epidemic of 1911-12, 
mainly in one district, the yearly variations in the incidence of plague in the 
South Deccan are dependent essentially on those of the humidity, as shown by 
the saturation deficiencies, for the minor differences in the temperatures in 
this area—comparatively cool hot weathers and monsoon periods—have little 
effect on the seasonal incidence of the disease. When the yearly variations in 
the humidity are considered m relation to the plague incidence in each Bcason, 
the effect of high humidity m increasing and of low humidity in decreasing the 
prevalence of the disease appears to be established beyond doubt m thin as m 
the other areas of India already dealt with. As, however, the most important 
climatic factors m the South Deccan are the saturation deficiencies from July 
to February, and especially from Octolier to February, that is. during the 
yearly increase of plague, the meteorological data in this area do not allow the 
epidemic rises to be foreseen to nearly the same degree as in North and Central 
India, with much later seasonal increase of the disease and more effective varia¬ 
tions in the hot weather and monsoon temperatures. 

The plague and climatic variations in the North Deccan so closely resemble 
those of the South Deccan that it is unnecessary to discuss them in detail. 

The plague incidence shown in Chart 1 is so low in Bengal, Madras and Burma, 
and the disease is almost absent from Assam, that the yearly variations in these 
areas do not furnish suitable data for similar studies, and m the absence of 
Berious outbreaks forecasts would he of little value in them. 

Conclusions. 

1. The seasonal incidence of plague mortality m different areas of India can 
be explained by the seasonal variations in the mean temperatures and humidities, 
the latter being best expressed as saturation deficiencies, as pointed out by St. 
John Brooks. They appear to act through their influence on the life of the rat 
fleas, which carry the infection to man. 

2. The yearly variations of plague incidence in the more severely affected 
areas of North-West, Central India, and the Deccan during the thirty years of 
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its prevalence in India have been studied in relationsip to the yearly variations 
of temperature and humidity with the following results:— 

(a) The mean monthly temperature variations in the hot weather and-mon¬ 
soon periods influence the subsequent plague incidence by high tempera¬ 
tures reducing, and low ones favouring, the prevalence of the disease. 

(b) The saturation deficiencies, both in the two hot seasons and in the early 

and late cold weather ones, influence the incidence of plague through high 
saturation deficiencies, indicating low relative humidity, being unfavour¬ 
able to the prevalence of the disease, and vice versa. 

(c) The great yearly variations m plague mortality can mostly be explained 

by studies of these climatic factors. 

(d) In the three northern plague areas of the Punjab, the United Provinces 
and Bihar, four of the six seasonal climatic factors become evident 
before the regular annual rise of the disease from December onwards, 
and thus allow the more important yearly increases and decreases of 
the disease to be forecast to a largo extent, and this is also the case 
in the Central Provinces, where the annual increase commences in the 
latter part of the monsoon period. In the Deccan area of Bombay, 
with an early monsoon increase of plague, and but slight yearly hot season 
temperature variations, the yearly variations in plague are more dependent 
on the saturation deficiencies during the plague season, so forecasts ore 
of less value. 
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Studies on the Relation of Oonadio Structure to Plumage Character¬ 
isation in the Domestic Fowl. IV .—Gonad Cross-Transplantation 
in Leghorn and Campine. 

By A. W. Greenwood, Animal Breeding Research Department., University of 

Edinburgh. 

(Communicated by It C Punnett, FRS —Received March 10, 1928.) 

Introduction. 

Among the modern breeds of the domestic fowl it is possible to distinguish 
two types with regard to plumage chaructensation. There are those breeds in 
which a typical dimorphism of the plumage in the two sexes is present. In 
some breeds this dimorphism is referable to regional differences in the shape, 
structure und colour of the feathers in male and female ; in other breeds although 
shape and structure of the feathers are different the colour is the same. 

On the other hand, in the Sebright bantam and the hen-feathered Campine 
the plumage in both sexes is of the same type, being similar to that of the hen of 
those breeds in which sex-dimorphism of the plumage normally exists. The 
Campine is of particular interest for the reason that the breed includes two 
distinct strains, one showing a typical sex-dimorphism m respect to plumage 
whereas m the other the plumage of the male and female is similar in colour and 
structure. 

That some definite relation normally exists lietwecn the reproductive organs 
and the type of plumage exhibited is shown by the change from hen-feathering 
to cock-feathcnng when either Sebright or lien-feathered Campine males are 
castrated, but it has not been shown that any morphological difference exists 
which could account for differences in physiological effect, between the teBtis 
of the Sebright bantam, and that of the Leghorn. To determine whether there 
is any specific difference m the physiological activity of the testicular material 
of the two types of males, Roxas (1926) has attacked the question experimentally 
by gonad cross-transplantation between the Sebright and the Leghorn. The 
results of his experimentation were such as to permit him to conclude that 
“ the growth of the head furnishings and the appearance of the sex instincts 
in the fowl are probably under the influence of the testicular secretions, while 
the plumage is conditioned by another factor or set of factors, presumably 
genetic, in addition to the testis.' 1 

Since it- was found in the experiments of Roxas extremoly difficult to obtain 
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successful implants of Sebright testes into Leghorns (3 oases only, and even of 
these there was one in which the graft was not sufficiently aotive to effect the 
growth of head furnishings) the following cases from a series of birds, operated 
on during 1925-1927, are of interest in that they present additional confirmatory 
evidence of the effects on the plumage of such grafts from hen-feathered males to 
Leghorns. Furthermore, the principle derived from the experiments with 
•Sebright testis, and applied by inference to other hen-feathered breeds, is 
shown to hold good when hen-feathered Oampine males are used as a source 
of testicular substanco for grafting. 

Materud and Method. 

Two classes of experiment were performed. Class I—Implantation of testis 
from hen-feathered Campinos to castrated Brown Leghorns; and daBS 2— 
Implantation of testis from a White Leghorn to a castrated hen-feathered Silver 
Oampine.* 

Chun 1.—The birds used were pure-bred Brown Leghorns and hen-feathered 
Silver Oampine males All the operations were performs! between the seventh 
and the fourteenth day after the chicks wen* hatched. 

An incision was made on the left side of a Brown Leghorn chick, under 
anwsthesia and the testis removed. A whole testis from a Oampine chick of 
the same age was then implanted between the anterior lobe of the kidney and 
the posterior costa. No attempt was made to localise the graft other than by 
pressing it down into the cavity with a blunt, instrument. After suturing the 
skin incision the chick was then turned over and a similar ojieration performed 
from the right side 

The birds were kept under observation for a penod of from 16 to 22 months 
before they were killed and a post-mortem examination of the body cavity made 
to determine whether or not the operations had been successfnl. 

According to the observations made it was possible to classify the birds mto 
three groups:— 

(a) Capons. The testes of the host had been completely removed and the 
implanted testes had not survived. It was* possible to distinguish this 
group of birds by the diminutive size of the head furnishings at maturity. 

* It » well known thnt recessive oook-feathsred $ $ are sometimes thrown by Campinas, 
but in the strain made use of in those experiments over 200 birds have been bred without 
the appearance of such a bird. On this evidence it has been assumed that any ooekere] 
chick used was potentially hen-feathered, although it was operated on before its definite 
type of plumage was declared. 
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(b) Birds in which castration had not been complete and in which nodules of 
regenerated testicular tissue were found. In some of these cases the 
grafted testes had survived, but in others no evidence of the persistence 
of the grafts could be found. 

(c) Birds in which castration had been complete and the only testicular tissue 

present had been derived from the grafted testes. 

For the purpose of the present discussion it is necessary to consider only 
those cases (four in number) belonging to this last group. In these there 
could be no reasonable doubt that the only testicular tissue present in the body 
of the bird at the time of the post-mortem examination was that derived from 
the implanted testes. 

It was impossible to determine from an examination of the head furnishings 
before death whether a bird belonged to Group ( b) or (c). 

Class 2.—There is only one experimental bird in this class. Although the 
bird belongs to another series of experiments, the primary object of which was 
directed to the study of the growth of the head furnishings resulting from 
successful implantation of testis in a capon, the fact that the donor of the graft 
belonged to a breed in which there is a marked sex-dimorphism while, the host 
was a hen-feathered Campinc renders it possible to include it in such a study on 
the plumage characterisation. 

Description oj Cases. 

1. Brown Leghorn, male—hatched May, 1925—operated on when 12 days 
old. Both testes were removed and four testes from two Silver Campme ohicks 
of the same age were implanted, two on each side, anterior to the kidney. 

When the adult plumage was attained it was seen to bo typical of the normal 
Brown Leghorn Cock. There were no feathers simulating in colour, structure 
or shape those of the Brown Leghorn hen. The head furnishings increased in 
size, becoming red and turgescent, until they were equivalent m size to those of 
the normal cock of the breed. Actual comb measurements were not taken but 
during the whole period of observation the head furnishings were not observed 
to differ materially from those of normal cocks. The bird was under observa¬ 
tion for 22 months and during that time the new feathers replacing lost ones 
were always like those of the cock of the breed. The bird exhibited throughout 
life sex behaviour and voice characteristics of the male. 

On February 2, 1927, it was found to be badly infected with roup and was 
killed. Examination of the body cavity post-mortem showed that the castra- 

a 2 
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tion had been complete. On the left side, projecting anteriorly from between 
the anterior end of the kidney and the body wall there was a largo, somewhat 
lobulated graft, attached posteriorly to which were two thin-walled distended 
vesicles; another graft was present on the right side of the body anterior to and 
practically overlapped by the kidney The grafts were fixed in Allen’B Modifica¬ 
tion of Bou in for histological examination. 

Histology of the Grafts .—The left graft was found to consist of large testicular 
tubules with restricted mtertubular spaces. Many of the tubules were apparently 
normal and in active spermatogenesis. In these, spermatogonia! mitoses were 
frequently seen and there was no evidence of degeneration. In some of the 
tubules, however, degenerative changes were marked ; these consisted chiefly 
of the sloughing off of the germinal cells into the lumen of tho tubule which was 
filled with a mass of spermatozoa and cells earlier in the meiotic phase. The 
basement membrane was lined by a double layer of cells, a few of which were 
entering into the prophasc of the first mciotic division. Scattered through 
tho graft completely atrophic tubules were noted. In those the basement 
membrane was lined by a single layer of epithelial cells in which the cytoplasm 
formed strands stretching across the lumen, while the nuclei had their 
chromatin apparently concentrated into one or two nucleoli. There was no 
evidence of the onset of meiotio activity in these cells. 

The right testis graft was enclosed by a much thickened fibrous capsule. The 
tubules were packed closely together and tho intertubular spaces were corre¬ 
spondingly small The tubules varied greatly in size , some were large and others 
small, compressed and irregular in outline. In contrast to the graft from the 
left side of the body thm graft showed that all the tubules were more or less 
undergoing degenerative changes. No evidence of spcrmatogonal activity 
could lie found and the number of cells entering the meiotic phase was much 
reduced. The tubules frequently contained a mass of cells and sperm, the 
orientation of the different phases of the meiotic cycle to tho basement membrane 
however was lost. (In normal tubules m spermatogenesis the cells entering 
the mciotic phase are near to the basement membrane. They are pushed 
further in towards tho centre of the tubule by successive generations of cells 
from the layer of spermatogonia, so that in a functioning tubule those cells 
further advanced in meiosis are found nearest to the centre of the tubule.) 
Scattered throughout the mass of cells arc many obviously degenerate, os shown 
by the formation of multi-nucleated giant cells and cells with pycnotic nuclei. 
Luteal tissue could not be identified in the grafts. 

2. Brown Leghorn, male—hatched June, 1926.—Both testes wero removed 
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in the second week after hatching and silver Campine testes from a chick of the* 
same age implanted between the anterior end of the kidney and the body wall, 
one on each side of the body. The bird was kept under observation until the 
1st of November (16 months) at which time a moult had just been completed, 
and then killed. It was with respect to head furnishings, plumage characterisa¬ 
tion and behaviour a typical Brown Leghorn Cock. From the time of the 
assumption of adult plumage only feathers characteristic of the normal male were 
grown There was no indication of hen-feathermg a t any time during its 
history. 

The weight of this bird prior to killing was 72 ozs. 

Post-mortem examination showed that castration had been complete. There 
was one piece of grafted testis oil the left side of the body anterior to the kidney, 
weighing 3*27 grams. On the right side large pieces of grafted tissue wore 
found anterior to the kidney. The weight of these three grafts totalled 0*88 
grams. That thenght. graft was found in three pieces when a whole testis was 
implanted was probably due to the fact that in forcing the testis down between 
the body wall and the anterior end of the kidney with a probe the testis was 
damaged, resulting m the rupture of the tunics albuginea and fragmentation 
of the gonad. 

Histology of the (hafts —All the grafts presented essentially the same histologi¬ 
cal appearance Many of the tubules were apparently normal and in active 
spermatogenesis. Tu these large numbers of mature spermatozoa were present. 
In addition there were large tubules m varying stagos of degeneration Follow¬ 
ing the desquamation of the cells the, germinal cells were restricted to a single 
layer lining the basement membrane of the tubule and the lumen was filled with 
masses of mature sperm and cell debris. A few characteristic, atrophic tubules 
wore present. In none of the grafts were definite interstitial elements identified. 

3. Brown Leghorn, male—hatched May, 1926—operated upon during the 
second week after hatching. Both testes were romoved and tho two testes 
from a Silver fWipmc chick of the same ago were implanted, one on each sido 
of the body between tho. anterior end of the kidney and the body wall. 

The bird was killed on November 8, 1927, at the completion of a moult.. 
Never during the time it was under observation subsequent to the assumption 
of adult plumage had it produced any feathers not typical in colour, structure 
and shape of the Brown Leghorn cock. The behaviour during life was typically 
male. At sexual maturity the bird possessed the large vascular head furnish¬ 
ings of the cock and thoso were retained throughout its life. The weight of 
the bird when killed was 69 ozs. Examination post-mortem showed that 
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castration had been complete and that successful implantation of testis had been 
achieved. On the left side of the body there was a large testis graft where the 
original implantation was made behind the anterior lobe of the kidney. On 
the right side of the body two grafts were present attached to the body wall 
and in front of the right adrenal gland. 

Histology of the Grafts .—The three grafts presented histologically the same 
appearance—there were many apparently normal tubules in active spermato¬ 
genesis. Deviations from the normal were found in some of the tubules in 
which cells m varying phases of the mciotio cycle had lost their orientation 
with regard to one another and their position in the tubule. As a result celk 
in all phases of activity were indiscriminately mixed together. In other tubules 
the only deviation from the normal appeared to be the reduced number of 
cells in the meiotic phase. The small graft from the right Bide of the body 
was furthest from a normal condition of the seminiferous tubules. There was 
no evidence of luteal tissue present in the grafts. 

4. Brown Leghorn, male—hatched May, 1926—operated upon during the 
second week after hatching. Both testes were removed and Silver Gampine 
testes from a chick of the same age implanted between the antenor end of the 
kidney and the body wall, one on the right side of the body and one on the left. 

The bird was killed on November 8, 1927, at the completion of a moult. It 
had never assumed any features suggestive of female characteristics whde under 
observation. From the attainment of sexual maturity until the time of death, 
the cock possessed the large vascular head furnishings of a normal male of the 
breed. ItH weight at death was 65 ozs. 

Histology of the Grafts .—Both grafts contained seminiferous tubules of various 
sizes, the largest of which were in active spermatogenesis and comparable to 
active tubules in a normal testis. In a few of them the different nuclear phases 
in meiosis were indiscriminately mixed, but otherwise there was no indication of 
cellular degeneration in these tubules. The smaller tubules showed a much 
restricted spermatogenic activity, having only comparatively few cells entering 
the meiotic phase and an almost complete absence of ripe spermatozoa. The 
seminiferous tubules in the grafts were packed olosely together and the inter¬ 
tubular spaces small. No luteal tissue could be identified in the grafts. 

5. Hen-feathered Silver Campine, male—hatched 1925—castrated in the 
first week of life. When the bird reached maturity it possessed the typical 
appearance of the completely gonadless bird. The comb and wattles were 
small and pale, the plumage was of the cocky type but longer and more luxuriant. 
(Morgan (1915) has shown that cassation of males of the “ Hen-feathered ” 
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breeds results in the production of a type of plumage characteristic of the males 
of the “ cock-feathered ” breeds.) 

On May 10, 1927, two years after the removal of the testes, the bird was 
operated upon and one testis from a White Leghorn chick, five weeks old, was 
implanted subcutaneously on the underside of the loft wing The comb volume 
at the time of operation wa9 1 c.c. 

Five weeks after the operation the face and head furnishings were noticeably 
pink, and at this time certain areas of feathers were removed from various regions 
of the body and the denuded areas outlined by tattooing with Indian ink. 
The comb and wattles began to enlarge and the comb reached a maximum 
volume of 8 c.c. 12 weeks after the implantation of the graft. It then steadily 
declined, reaching u minimum level of 2 c.c. 23 weeks after the operation. The 
new feathers in the plucked areas were removed when full grown and were 
followed by another feather generation. Thus, during the course of the experi¬ 
ment, three lots of feathers were obtained, the first on June 16. the second on 
Septcmlier 20, and the last on December 9. The feathers plucked on September 
20 had grown during the period when the comb was developing to a maximum 
and through the following period when the comb regressed Those plucked on 
December 9 underwent the greater part of their growth when the comb had 
regressed until it reached a minimum stable level. None of the feather genera¬ 
tions showed any characteristic that could be taken as an indication of u change 
m the type of feathering from a cocky to a henny structure. 

Twenty-six weeks after the original implantation the graft was removed, 
and there was no subsequent reduction in the size of the head furnishings which 
remained constant with a volume of 2 c.c The weight of the tcstiB graft 
after removal was 0-21 grams. During the growth of the comb the bird was 
observed to crow vigorously. 

Histology of the Grafts. -The graft was enclosed by a thickened capsule of 
fibrous tissue The seminiferous tubules varied considerably in size and activity 
Many were atrophic and in tlicHc the cells were restricted to a single layer lining 
the basement membrane of the tubule. Many of the larger tubules contained 
cells representing the varying phase.* of the maturation phenomena up to and 
including ripe spermatozoa. Although in these tubules some spermatogomal 
mitoses and first meiotic division stages were met with, the central lumen was 
filled with cellular d6bris m which were found multinucleated giant cells, mature 
spermatozoa and other cells in the advanced stages of meiosis. None of the 
tubules had the appearance of normal seminiferous tubules in active spermato¬ 
genesis. At various points under tho fibrous sheath of the gonad there wore 
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relatively enormous accumulations of lymphocytes. Careful examination failed 
to reveal the presence of any luteal tissue in the graft. 

Conclusions. 

It is seen that in the case of Brown Leghorn males from which the testes 
have l>een removed, the successful implantation of testicular tissue from hen- 
feathorod Campincs in no way modified the development of the male characters 
normal to a Brown Leghorn cock. The enlarged head furnishings, the behaviour 
and voice all developed exactly as in the normal Leghorn cock and so remained 
during the whole time (10 22 months) the birds were under observation. The 
plumage assumed at maturity was that of the typical male Brown Leghorn, 
and this was retained tlirough successive^ feather generations up to the con¬ 
clusion of the experiments. There was no evidence at any time of structural 
modifications of the feathers in the direction of the female type. 

Since an amount of Campine testis sufficient to induce full expression of tho 
male comb, behaviour and voice in castrated Brown Leghorns did not produce a 
transformation of cocky into henny plumage, these results support the conclusion 
of Roxas that hen-feathering in the male of the hen-feathered strain of Cumpmes 
cannot Ikj due to an endocrine difference between the teBtis of the two breeds. 

On the other hand, tho subcutaneous implantation of a testis from a Leg¬ 
horn male into a completely castrated hen-feathered Campine male, although 
it caused increased vascularity and growth of the head furnishings, did not 
induce any structural modification of the feathers during the course of the 
experiment The bird did not assume the henny-feathering typical of the cock 
of this strain The hen-feathered male Campine, when castrated, becomes 
typically cock-feathered. On the basis of the experiments of Roxas, in such a 
bird with a functioning testis graft from a Leghorn it would be expected that new 
feathers grown while under the influence of tho graft a ould be structurally female. 

It is interesting to note that Roxas described a case of a Sebright with 
Brown Leghorn testis successfully implanted, which, although effecting an 
increase in the size of the head furnishings, was only responsible for a partial 
change in the feathering towards the female type. In the other cases reported 
by him, the change from the cock-feathering of the capon to hcn-fcathcrmg was 
oomplete. In tho Campine under consideration tho presence of the testicular 
graft did not lead to the full development of tho head furnishings, the Tn<vriniiiui 
size attained being only about one-third that present in the normal male at 
maturity. It has been stated by Morgan that a smaller amount of testis suffices 
to keep the comb at or near its normal size than to keep tho feathers true to 
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type for hen-feathering. If this be so, then, in the bird under discussion one 
would expect that Rince the graft was not sufficient to effect a maximum develop¬ 
ment of the comb, it was still less likely to cause a change in the character of 
the plumage from male to female. 

Summary. 

1. Four cases of successful implantation of testicular material from the hen- 
feathered strain of Campines into castrated Brown Leghorn males are described. 

2. The grafts although producing the normal male heat! furnishings and 
behaviour did not load to a change in the plumage character from cock to hcv 
feathering. 

3. These results are in accordance with those obtained by Bosom whim testis 
from Sebright bantams was implanted into castrated Brown Leghorns and 
support his conclusion that the “ hen-feathering ” of the male m the hen- 
fcathered breeds cannot be due to an endocrine difference between the two kinds 
of testes. 

4. Successful implantation of a testis from a Leghorn male into a castrated 
hen-fcathered Campine did not result in a change in the plumage from cock 
to hen-feathering as would be expected on the basis of the above hypothesis. 

5 It is suggested that failure on the pari of the graft to change the type of 
feathering was due to an insufficient amount of testis, since it was incapable 
of inducing a normal development of the head furnishings. 
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The Agricultural Value of Rainfall in the Tropica. 

By H. Mabtin Lkakk, So.D. (Camb.). 

(Communicated by Sir John Farmer, F.R.S.—Received March 8, 1928.) 

I.— Introduction. 

The objective of the investigation which is here described was, in the first 
instance, economic. Having assumed responsibility for the official forecasts 
of the main crops of the United Provinces, India, it appeared to the writer 
that, m a country where rainfall so dominated the agricultural conditions, it 
should be possible to evolve some system, based upon rainfall data, of fore¬ 
casting both area and yield of crops which would be free from dependence on 
the very doubtful personal equation involved in the methods then in force. 
The considerable measure of success achieved in forecasting areas led to an 
attempt to forecast yields—a much more difficult problem. 

As the work proceeded the method assumed a wider significance bearing on 
the general problem of the availability of soil moisture for plant growth. In a 
year's growth, whether this lie from a seed or a freshly planted slip, the yield, 
in whatever form it be measured, is the summation of the various reactions of 
the plant to its environment at every stage of its growth ; in the case of annuals 
it may even, hr Hooker (8) has suggested, include the reaction of the parent 
plant Whut applies to the sum must, a fortiori, apply to the component 
parts ; and it would appear, therefore, that the method employed to evaluate 
rainfall should afford a means of interpreting the physiological processes of the 
growing plant, m so far as these arc dependent on rainfall. 

Rainfall is not the only factor which enters into such a consideration, but, 
in the tropics, it uould appear to be the dominant one, while, from the results 
obtained and here described, that dominance is such that, of the environmental 
factors, rainfall alone need lie considered when forecasts are in preparation. 


II.--Methods. 

m 

The relationship which exists between crop and rainfall has formed the 
basis of a considerable body of work; notably that of Hooker (8 and 9), .Watt 
(24) and, more recently, Fisher (7). In America, the work of Warren Smith (22 
and 23), Kincer (13 to 15), Moore (18), Conner (5), Wallace (20) and McDonald 
(17) is directed to the same end, while under conditions more nearly approxi¬ 
mating to those dealt with below, the work of Jaoob (10 and 11) in India and 
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Walter (21) in Mauritius bears on the same problem. With the exception of 
Fisher, all the above writers rely for the evaluation of rainfall on the summation 
of the fall for equal intervals of time, the intervals in individual cases varying 
from 8 weeks to 7 days, and for the calculation of the effect on yield on the 
regression equation involving the partial correlations. 

This method, involving as it docs the aggregate rainfall of a particular period, 
is open to criticism. Each unit of time is treated as independent and self- 
contained, whereas it is clearly not the case that the effect of rainfall is thus 
discontinuous. Anteriorly the effect of rainfall is discontinuous, since ram 
becomes effective only after the fall itself; posteriorly, however, the effect is 
oontinuous. 

The method hero adopted is designed to meet this characteristic of rainfall. 
A continuous “ effective rainfall curve is built up from the daily rainfall data, 
the value of the “ effective rainfall ” (E„) of any particular day being calcu¬ 
lated from the formula 

K — J ’ti + kfn -1 H- ■ 4" 

where r„ is the rainfall of the 24 hours ending on the morning of the nth day 
and A is a constant having a value <! 1. 

This may be written 

Ki = 

and if, os m the case of prolonged drought, r a , / 3 , ... i H are all zero, the 
“ effective rainfall ” curve takes the form 

!/ *- f i*~ az 

where — a — log, A. 

The effective rainfall of any particular day thus includes not only the rain¬ 
fall registered at 8 a.m. on that day but a carry over from the preceding day, 
which in its value takes into account both the amount and distribution of the 
antecedent rain. The constant k is a measure, though not an absolute measure, 
of that fraction of the rainfall which remains available for plant growth. The 
value is here taken to be 19/20. , 

It follows from the above that (1 — A" -1 ) r t is a measure of that fraction of 
the rainfall which ceases to be available for plant growth after n days, whether 
the cause be a loss through run-off, seepage, direct evaporation and tran¬ 
spiration, or whether the water be held by the soil in an “ un-free ” form. As 
a numerical illustration, it will be found that a rainfall of 10 inches in one day 
(a heavy but not unrecorded amount in the tropics) gives an effective rainfall 
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of 0*47 inch on the 60th day ; in other words, its effect becomes negligible 
during the third month. 

Further discussion of the significance of the effective rainfall and the constant 
k is postponed till later. 

III .—The Data. 

Any one who attempts the solution of such a problem as the relation between 
rainfall and crops is faced at the outset with the difficulty of securing data of 
which the concordance is above suspicion. Since only one record per' annum 
is possible under ordinary circumstances, direct experiment, having as object 
the collection of data required, places that collection beyond the capacity of 
the individual. Recourse has to be had to official returns, the records of private 
estates or those of experimental farms. Rarely, and especially in the tropics, 
are these entirely free from objection. In only the four series which follow 
did the reliabdity appear sufficient to justify the somewhat tedious arithmetical 
labour involved. 

(1) The Unimgated Wheat Area of the Cawnpore District, United Provinces, 
India. 

(2) The Unirrigated Cotton Area of the Cawnpore District, United Provinces, 
India. 

The former refer to a senes of 29 years and the latter to a scries of 17 years. 
These figures are admittedly very accurate, being employed for revenue pur¬ 
poses. The corresponding rainfall figures are taken from the daily rainfall 
data published by the Indian Meteorological Department. The value of the 
daily rainfall is taken at the average of the daily readings of the various 
recording stations situated m tho District. 

(3) The crop yield of a Barbados sugar estate covering a series of 17 years. 

Both the yields and the daily rainfall data were secured through the courtesy 

of the present proprietor and Mr. C. C. Skcete, Assistant Director of Agriculture, 
Barbados. 

(4) The yield of cotton of the Dbulia Experiment Station, Bombay Presi¬ 
dency, India. 

Both the yields and the daily rainfall data were secured through the courtesy 
of Dr. II. H. Mann, formerly Director of Agriculture, Bombay. 

IV .—Proof of the Significance of the Effective Rainfall. 

The first two of the above series ore concerned with the moisture conditions 
of the soil at the time of sowing. They constitute, therefore, a test of the 
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value of the effective rainfall figure as a measure of the agricultural value of 
rain. 

(1) The. Unirrigated Wheat Area of the Cawnpore District. —The monsoon 
rainfall usually ceases in September and wheat is sown at the commencement of 
the cold weather in late October or early November. It is sown, therefore, on 
a falling moisture ; it is sown, too, on land left fallow and constantly cultivated 
throughout the monsoon. If, now, a tract such as the Cawnporc District be 
considered, with its divergences of soil, its higher and lower lands'and other 
differences, it would appear that the area of a crop, dependent for its germina¬ 
tion on the natural conditions of moisture, would be determine! by the amount 
of accumulated rain held by the soil and available for plant growth This, 
in its turn, is dependent less on the total monsoon rainfall than on its dis¬ 
tribution. The test of this supposition is supplied by the correlation found 
between the value of the effective rainfall at the end of the monsoon, the actual 
date selected being October 15, and the unirrigated wheat area 

The figures obtained for the series of 29 years analysed are - 
Correlation, unirrigated wheat area, Cawnpore District •— 

Total monsoon rainfall . r — -i- 0 GO £ 0*06 

Effective rainfall, October 15 . r = 4- 0-82 -fc 0-04 

Using the regression equation derived from the latter figure, it has been found 
possible to forecast, some 15 days before sowing, the unirrigated wheat area 
with an accuracy which is greater than that of the official forecast, laboriously 
compiled from detailed returns and published some 3 months after sowing. 

(2) The Unirngat&l Cotton Ann of the Cawnpore District - This analysis is 
less simple. In the first place, owing to the irregularity in the date of the 
break of the monsoon, the selection of the effective rainfall value by calendar 
date is open to objection. This objection, however, is minimised by the fact 
that the oncoming cold weather strictly limits the cotton season and sowing 
must be completed sufficiently early to enable the plant to mature its crop. 
Practical experience, fortified by numerous calculations, indicates that the 
critical date is July 7. In very late seasons cotton may be sown up to July 15 
after which date little or no cotton will lie sown whatever the rainfall conditions. 

In the second place, cotton is not, like wheat, a basal crop of the District; 
in many respects, it is alternative to wheat. It is sown on similar land and the 
cultivator makes the decision whether he shall sow cotton or retain the land 
fallow for wheat later. Moreland (19) was the first to point out this relation, 
and he adopted, os a measure of the relative importance of wheat and cotton 
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in the eyee of the cultivator, the cotton-wheat price ratio. He earned his 
figures back to a date prior to the American Civil War and, further, used the 
total cotton area of the Province. His conclusion, as it stands, is not sup¬ 
ported by the figures, which give a correlation coefficient of only + 0-10 ± 0-10. 
Nevertheless his conclusion has a basis of truth. 

It is in the case of irrigated ootton that the oultivator is influenced by this 
consideration. Using the figures for the irrigated ootton of the Cawnpore 
District for the 17 years here analysed, the correlation with the cotton-wheat 
price ratio is found to be -f- 0*53 ± (M2. That a like consideration does 
not influence the cultivator in the case of unirrigated cotton iB indicated by 
the corresponding correlation for the unirrigated area, which is — 0*06 ± 0* 16. 
It would appear that the cultivator is governed by different motives in the 
case of unirrigated cotton. “ A bird in the hand is worth two in the bush,’* 
and, with a favourable monsoon, he will sow cotton up to the limit; the later 
rains may be unfavourable for wheat, and, in any case, if the cotton fails, it 
can bo ploughed up and wheat or barley sown. There is, therefore, no reason 
to suspect lock of concordance on these grounds in the present analysis. 

Thirdly, and lastly, with a favourable monsoon, the maximum unirrigated 
area will be sown before July 10, and subsequent rain, even though it fall before 
that date, will not affect the area ; in other words, the earlier the rainfall, the 
greater its potential value for sowing. The interval between June 5 and July 
15, being* respectively the earliest date of the break of the monsoon and the 
end of the sowing season, is 40 days. If it be assumed that a rainfall on the 
earlier date gives to the effective rainfall figure a value double its actual value, 
with proportionate increments to the values of the effective rainfall of 
intermediate dates, an allowance is made for the time factor by a system of 
weighting. 

The following correlations show both the superiority of the effective rainfall 
as a measure of the value or rainfall for sowing purposes and a progressive 
efficiency with the successive allowances made •— 

Correlation, unirrigated cotton area, Cawnpore District:— 


Total rainfall to July 7 (18 years) . r — 0*47 ± 0*12 

Effective rainfall on July 7 (18 years). r — -f 0*61 ± 0*10 

Average daily effective rainfall (17 years), 1st 

total of 0*5 inch to July 7 . r — -|- 0*61 ± 0*10 


Average daily effective rainfall (17 years), 1st 

total of 0*5 inch to July 16 (weighted)_ r = -j- 0*77 ± 0*07 
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There is little doubt that, as in the case of the wheat area, the use of the re¬ 
gression equation would result in a forecast of the unirrigated cotton area whioh 
would be more accurate than the present estimate. The two analyses here 
given would appear to indioate that the effective rainfall constitutes a significant 
measure of the agricultural value of rain, and is a measure which possesses 
distinct advantages. 

V .—The Effective Rainfall as a Determinant of Ytdd. 

The two later Morion deal with the yield, and here the problem is essentially 
one of the interpretation of natural phenomena, the physiological reaction of 
the plant to rainfall. 

The majority of crops, as any practical agriculturist will testify, are subject 
to two evil influences traceable to moisture , there may be excess os well as 
deficiency. Between these two extremes there lies a more or less wide range of 
moisture conditions which may, other conditions being equal, be considered 
the optimum for the growth of the plant, and, provided the moisture content 
never rises above, or falls below, these limits, a full yield should result 

(3) Barbados Cane. -Barbadian agricultural practice is of such a high order 
and so standardised that there is no reason, on these grounds, for anticipating 
discordance in the records over a series of years. One source of discordance, 
however, cannot Ik* disregarded ; it arises out of the practice of the frequent 
introduction of new varieties. Fortunately, however, for the present purpose 
the change to a new variety is not mode abruptly, and it is, therefore, possible 
to introduce a correction which minimises this source of discordance. In all 
oases the yield values, so corrected, give a better result, when judged by the 
correlation coefficient, than is given by the absolute yields 

The cane crop occupies the ground for some 15 months. The harvest lasts 
from February till May and is coincident with the dry season. From the aspect 
of rainfall, the crop period may he divided into three sections; firstly, the 
planting period, when adequate moisture is required for the establishment by 
the sets of a root system which will enable the plant to resist the dry weather, 
secondly, a dry period, ending in May or June, and, lastly, the wet season last¬ 
ing to December or January. The dry season is only relatively dry and its 
commencement and termination vary from year to year within very wide 
limits. It is not possible, therefore, to adopt, as in the case of wheat dealt with 
above, the figure of the effective rainfall of a particular day as a measure of 
the seasonal rainfall. Further, from the peculiar formation of Barbados as a 
coral island, there appears to be a phenomenon not commonly found. The 
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spongy coral rook forma a reservoir from which water is returned to the surface 
to an extent far in excess of the normal. A similar condition is found in the 
sub-Himalayan tract of Bengal and Bihar, where, however, the upward thrust 
is derived from the accumulation of the monsoon rainfall in the hills (16). 
Consequently, the available moisture depends less on the effective rainfall than 
on the accumulated store of water held in the coral rock beneath, of which the 
effective rainfall of the previous wet season is found to be a better measure than 
the actual rainfall of that period. 

The following are the results obtained : — 

Correlation, corrected yield, Barbados cane :— 

Aggregate rainfall of previous wet season (17 

years) . r = + 0*24 ± 0-15 

Average effective rainfall of previous wet season 

(16 years) . r — -f 0*44 ± 0*14 

During the dry season the plant adds little to its visiblo growth; what 
invisible growth of the root system takes place during this period is not known. 
The plant is, however, capable of responding to such rainfall as may occur. 

Correlation, Barbados cane :— 

Yield and average effective rainfall of dry season 

(December to May) (16 years). r =• -j- 0-3G ± O'16 

Corrected yield and average effective rainfall of 

dry season (December to May) (16 years) .. r = + 0’42 ± 0*14 

The main factor influencing final yield, however, is the rainfall of the wet 
season of the crop period, June to December. 

Correlation, Barbados cane :— 

Yield and average effective rainfall of wet season 

(June to December) (17 years) . r — + 0*74 ± 0-07 

Corrected yield and average effective rainfall of 

wet season (June to December) (17 years).. /• = *f 0-76 ± 0*07 

Taking the figures for those 16 years only for .which all three series are avail¬ 
able, the coefficient of triple correlation is found to be :— 

R = 0-76. 

It is possible, however, to approach the subject from a different angle. The 
rainfall of the wet season being found to be the most important determinant of 
yield, and yield, in a plant like cane, being a function of the growing season. 
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the months of June and December, lying respectively at the commencement and 
end of the growing season, become critical months. It might be anticipated, 
therefore, that a high degree of correlation would be found between the yield 
and the aggregate effective rainfall of these two months. This correlation is 
found to be - 

r — -f 0-67 ± 0-09. 

All attempts to trace an effect injurious to yield of excessive moisture have 
led to negative results, and it is only in the lower limits that moiHturn exercises 
a controlling influence. General agricultural experience that cane is wugularly 
resistent to excessive moisture is thus confirmed, and in Barbados the upper 
limit is rarely, if ever, attained. 

(4) Dkulta Colton .—Thero appears to be ouly one source of discordance here 
requiring note; it is the question of what is commonly termed *' stand ” 
During tho early stages, and especially during germination, the plant ib very 
sensitive and re-sowing has frequently to be employed Unfortunately, no 
record is available of the “ stand ” for the present scries and no correction for 
it is possible. 

The analysis of these returns offers a problem which ih more complex than 
any of tho three preceding examples Partly this is due to the morphology of 
the cotton plant itself, and partly to the faet that cotton is so sensitive to excess 
moisture that such exeesN is a normal occurrence under the conditions pre¬ 
vailing. 

The morphology of the cotton plant is too well known to require detailed 
description. The apical bud grows indefinitely, while the secondary branches, 
with the exception of a few at the base of the stem which are monopodia, are 
all sympodia. The 1 extent of flowering and, indirectly, of fruit production, 
therefore, is closely associated with growth. Of, perhaps, greater importance 
in the matter of yield is the. number of flowers which set and develop into bolls 
Under normal conditions, as growth, with the accompanying flower production, 
proceeds, more and more of the food materials built lip by the plant is absorbed 
by tho developing fruits, with a consequent reduction of vegetative vigour, 
which, in its turn, limits the pioductiori of flowers. Where the vast majority 
of the fruits set growth will practically cease, and this will take place Indore 
the first formed fruits have opened and while they still exercise a drain on the 
food Hupply. As, however, the bolls open, more and more of the vigour of the 
plant is redirected to vegetative growth, with a further production of flowers 
borne on the upper secondaries uiul on the terfianes arising from the lower 
monopodial secondaries. The normal flowering curve of the cotton plant is, 

vol. cm.— b. 11 
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in consequence, bimodal/the early mode being very sharply defined, and the 
total yield will be built up from the produce of the two flushes. 

Such is the normal condition but where the season is short temperature or 
humidity may check growth to such an extent that the second flush may be 
absent. If, too, for any reason, and one of the most important of such is 
excessive rain, the sheddiug of flowers or young fruits assumes large proportions, 
this check to vegetative growth will not occur and, accompanying that con¬ 
tinuous growth, will be continuous flower production. Again, the flowering 
curve will no longer show the bimodal form. Yield will here be built up 
gradually. 

During early development and untd a firm root system is established, the 
cotton plant is distinctly deheute, especially to conditions of excessive moisture. 
The limits between which lie suitable values of humidity are, therefore, at this 
stage, narrow. Subsequently these limits broaden during the vegetative period 
and only drought or excessive moisture over a prolonged period will affect 
vigour adversely. From about the 60t.h day, however, when vigorous flowering 
is m progress, a dry period is essential if fruit is to set. After a further period 
of 20 to 30 days, the rate of flowering diminishes, owing to the check adminis¬ 
tered to vegetative growth. The plant is now capable of withstanding a heavy 
spell of wet weather, anil, in fact, requires a full supply of moisture if that 
vegetative growth is to take place which will result in a second flush. But this 
wet spell must be of limited duration or the early ripeniug fruits will be injured. 

Based on these considerations, a pair of curves can now be built up which will 
represent the upper and lower limits of the moisture conditions, as measured 
by the effective rainfall, favourable to the production of a heavy yield. The 
sum of the divergences, both positive, above the maximum, and negative, 
below the minimum, should, if the argument be well founded, form a measure 
bearing a negative correlation with the yield 

Actually, however, the cotton plant is not the rigid automaton so far con¬ 
ceived. It displays a certain amount of flexibility which exhibits itself in the 
following manner. Dividing the growth period into three sections, initial 
growth, first flowering period and subsequent growth, each period is capable 
of limited extension, depending on the climatic conditions, without a material 
effect upon yield. A dry initial period meuns reduced vegetative growth and 
may lie prolonged. It appears to require an aggregate of at. least 16 inches 
effective rainfnll if a full first yield is to be obtained. A wet initial period may 
also be extended without injury to the yield, provided a dry period supervenes. 
Similarly the second period may be prolonged within limits, while the third 
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period is only limited by the continued drought and falling temperature which 
follows the termination of the monsoon. The dual curve, in fact, takes the 
form of a concertina, the sides of which are not parallel, and of which the 
capacity to extension is limited to three points. These arc marked ^ in the 
accompanying diagram (p. 92). 

An analysis of the Dhulia cotton crop carried out on those lines yields the 


following results:— 

Correlation, cotton yield, Dhulia (16 years):— 

Aggregate rainfall of monsoon. r = + 0"41 i 0*14 

Average effective rainfall of monsoon . r = -f- 0-47 ±0-14 

Sum of divergences, whether positive or negative, 

from curves of limiting moisture. r - - — 0*70 ± 0*10 


In the case of uny series of records which have not boon collected for the 
specific purpose for which they are employed and which are, therefore, lacking 
«n certain pertinent particulars, the risk of attempting too much is a real one. 
For this reason it would be unprofitable to carry the analysm further in the 
present instance. 

VI.— Discussion. 

The measure of rainfall, to which the name “ effective rainfall ” is here given, , 
is a measure whieh has considerable value in that it affords a means of esti- 1 
mating, and even of forecasting, data with regard to crops. The main interest, 
however, lies in another, and more theoretical, direction and centres around 
the interpretation to be placed on k, here adopted as a constant. 

k being a measure of that fraction of the rainfall which becomes available 
for plant growth, it is only necessary to consider the destination of that fraction 
of the rainfall which fails to become available—run off and percolation, 
dependent on soil conditions, direct evaporation and transpiration, dependent 
on temperature and air humidity among other factors; the “ unfree ” water 
held by the. soil, dependent on such soil characteristics as clay and humus 
content—to sec that k cannot be a constant universally applicable. 

(1) Tcmjmralure .—Both direct evaporation and transpiration are, to some 
degree, determined by temperature. The method takes no account of such 
variation beyond that implicit in the title of this paper. The value here adopted 
for k carries the limitation which the word “ tropics ” implies and is applicable 
only under those conditions in which temperature does not directly inhibit 
plant growth. Where, os m the temperate zone, a marked seasonal ch&ngo 
from summer to winter, occurs, the problem becomes more complex. The 
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direct effect of temperature on the plant becomes of importance while it, as a 
measure of loss of water, is no longer a constant but a function of temperature. 

(2) Air Humidity .—Under the climatic conditions prevalent in a rams tract, 
there is a close association between rainfall and air humidity. The effect of 
air humidity as a separate independent factor may, therefore, be disregarded. 
The conditions, however, are very different in the case of irrigation. Here the 
relation between air humidity and water supplied is relatively small, and, as 
Balls has shown (1), air humidity may directly control growth by checking 
assimilation through the closure of the stomata. Under these conditions 
available soil moisture no longer constitutes the limiting factor, and it is open 
to question whether the method would apply. Zaitsev, working on cotton 
under irrigation in Tashkent, has shown that, under those conditions, tempera¬ 
ture is the dominant factor in the growth of the plant (25). 

(3) Soil Conditions .- A targe amount of work has been carried out on the, 
relation between soil moisture and the physical condition of the soil on the one 
hand, and, on the other, the availability of that moisture for plant growth. 
Without entering into any detail, it may broadly be stated that light soils, 
into which water jienetrates rapidly, are soils from which water percolates 
rapidly, and are further soils which support plant growth with a lower per¬ 
centage of moisture than heavy soils, in which these characteristics are reversed. 
If, therefore, by writing off a constant percentage of the rainfall, too small an 
allowance is made for the penetration of water, too small an allowance will, 
likewise, be made for the losses. The significance of an excess under those 
conditions immediately following a fall of rain is relatively speaking unimportant 
for that excess soon passes, while the deficit after a prolonged period of drought 
corresponds to a condition m which the plant is capable of growing on 
relatively low values of soil moisture. The two faetors, therefore, to some 
extent neutralise each other. 

But this is not the only aspect. It has long been recognised that water is 
held in the soil in at least two states, which have been termed “ free,” the 
physiological water of Schimper, available for plant growth, and the “ un¬ 
free,” not so available. Soils vary markedly in their capacity to retain water 
in the latter condition, and the major causes for this difference have been traced 
to the humus content (Crump (fi)) and the soil colloids (Keen (12)). Numerous 
efforts have been made to evolve a simple expression which will define the 
capaoity of a soil to resist the withdrawal of water by the plant; of such a 
nature are the “ wilting coefficient ” and the “moisture equivalent” of Briggs 
and Shantz (4) and Briggs and McLane (3). 
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In the work to which reference is here made, the subject is approached from 
the physical aspect; the present approach is from the biological aspect and a 
value, k, has been attained which is a measure, not of the “ unfree,” but of the 
“ free,” water of the soil. The utility of the wilting coefficient, as Blackman 
bos shown (2), is subject to definite limitations and, in like manner, the utility 
of the effective rainfall is circumscribed. As a measure of area the effective 
rainfall owes its value to the fact that k is not a constant for all soils, while, as 
a measure of yield, it owes its value to the fact that, over a limited area, 
a condition which the two analyses of yield satisfy, k has a constant 
value. 

The value given to k, 19/20, is one which satisfies a considerable range of 
soils in the tropics. It is a value which is readily, though empirically, reached 
by considering the limiting condition where natural moisture is juBt sufficient 
to ensure germination. Accepting the numerical value at this point to bo 
0*5 inch, it is not difficult to calculate what value of the rainfall must be written 
off to arrive at the figure 0*5 in the number of days intervening between the 
previous rain and the date of sowing. The determination of k is, thus, for the 
present, made on biological grounds. 

But plants differ in their water requirements and it follows that, accepting 
a certain value for k, it will be possible to build up a specific or varietal double 
curve, giving the upper and lower limits of the water requirements of different 
species and varieties of agricultural plants at each stage of their growth. One 
.example has been given aliovc for the short-season Indian cotton grown on the 
:Dhulia farm. The American type of cotton, with its longer growing season, 
possesses a curve of a perceptibly different form, though retaining the bimodul 
character. 

Opportunity has been lacking for a detailed study of this vurietal aspect, but 
already sufficient information has been obtained to permit the employment of 
the effective rainfall curve for the solution of economic problems. It is for¬ 
tunate that rainfall records are among the first data to lie collected in a new 
country, and, m consequence, the material is available for working out the 
curve. From those curves it has been found possible to determine with 
assurance the best dates for sowing a crop where it has not previously been tried; 
with further knowledge, it should lie possible, with like assuranco, to select 
the variety best suited to any particular moisture conditions. 
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VII.— Summary. 

(1) The “ effective rainfall ” ia a daily measure of the soil moisture which 
originates in rain and ia available for plant growth. It is derived from the 
rainfall data in the following manner 

E» = r n 4- fcr n _, + Pr B _2 ... 4 k n ~\ 

where r„ is the rainfall of the 24 hours ending 8 n.m. on day n. 

(2) The amount of ram written off between successive days ia 

(I — k)r n _ i -f (1 — k s )r n _ 2 ... -f- (1 — or (1 — k) E„_i. 

It includes the loss from run-off, percolation, evaporation and transpiration as 
well as the moisture held in the soil in the “ un-free ” condition. k, therefore, 
is a function of temperature, air humidity and soil conditions. 

(3) In part, these sources of loss counterbalance each other, and, fora large 
range of soils in the tropics, k has a value approximating to 19/20. 

(4) Under tropical conditions, k becomes a measure of the “ free.” or 
physiological, water remaining in the soi>. 

(5) For agricultural plants it is possible to draw two curves giving the upper 
and lower limits of their water requirements at each stage of their growth and 
the dual curve so obtained has a varietal significance. 

(6) As a consequence of that variability of k which arises from soil con¬ 
ditions, it becomes possible to employ the effective rainfall for the estimation 
of crop areas in a given tract, and an analysis hus been made in the case of the 
wheat and cotton areas of the Cawnpore District, India. 

(7) Under conditions which permit the adoption of a constant value for k, 
the effective rainfall becomes a means of estimating crop yields, and an analysis 
has been made, in the case of the cane crop, of an estate in Barbados and, in 
the case of the cotton crop, of tho Dhulia Farm, Bombay Presidency. 
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Croonian Lecture. — Certain Problems in the Physiology of the 

Cerebral Hemispheres. 

By I. P. Pavlov. For. Mom. R.S. 

(Translated into English hyO. V. \nrop, F. R S.—Lecture delivered May 10,192K) 

Tt is a great pleasure for mo to take this opportunity to offer my hearty 
thanks to the Fellows of the Royal Society for the help which they gave me 
during the difficult years through which my country has passed. I wish to 
thank the Society also for the grant which enabled my last scientific work to 
be published in English, and for inviting me to deliver the Croonian Lecture. 

I believe that Physiology has at last reached a stage at which it is possible 
to give a general outline of the activity of the entire central nervous system, 
including that of the cortex of the hemispheres, though os yet, of course, 
without deep analysis or detailed knowledge of this activity. The primary 
function of the nervous system is obvious. It is continuously to maintain 
a dynamic equilibrium between the functional units withm the self-contained 
system of the organism and between the organism as a whole and its environ¬ 
ment. The pre-eminent function of the lower parts of the oentral nervous 
system is to integrate the activities of the separate parts within the organism. 
The r61e they play in maintaining the higher animal in equilibrium with its 
environment is only subsidiary, the most delicate adjustments of this 
equilibrium being pre-eminently the function of the hemispheres. 

A dear and definite proof of this is provided by the old and repeated observa¬ 
tion on dogs, in which the cerebral cortex has been extirpated. Such dogs 
remain in flourishing health, and can probably live as long aB normal animals, 
so high is the co-ordination between the various internal activities of the 
organism. This, however, oan happen only if the animal is under the constant 
care of man, who muBt bring its food to its mouth and shelter it from all sorts 
of harm; otherwise it must inevitably perish. Its powers of adaptation to the 
environment are very limited. The parts of the nervous system which still 
remain are insufficient to break up the environment into its elementary units, 
and to make correlation with its perpetual changes, by establishing temporary 
connections with the various activities of the organism—for instance, with 
those of the skeleto-muscular system. The activities of this latter system 
itself, which is the one chiefly concerned in confronting the environment, now 
fail to be analysed and synthesised to the same degree as takes place in the 
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presence of the hemispheres. As a result, the dog without hemispheres loses 
the capacity for fine and precise correlation of each separate act with the 
separate events occurring outside it. 

As a result of these observations it is truly legitimate to distinguish a lower 
from a higher nervouH activity, relating the latter to the hemispheres. An 
unlimited field opens before the physiologist for investigating the analysing 
and synthesising aspects of this higher nervous activity of the higher animals, 
and the mechanism underlying them. This fact of nervous analysis and 
synthesis has confronted the inquisitive mind of man for a long time. Nervous 
analysis was the subject of the physiology of the sense organs or receptors of 
the nervous system, which obviously by their nature also serve the organism 
as analysers of the environment. The synthesising activity was first formulated 
by psychologists in the form of the law of association. Thus analysis and 
synthesis first attracted attention as subjective phenomena. Since then, with 
the co-operation of many biologists, a method was evolved of strictly objective 
investigation of these phenomena - -a method which can be successfully applied 
to animals. 

The fundamental nervous phenomenon, the use of which renders such an 
investigation possible, is what I call the conditioned reflex. The phenomenon 
itself was known long before It is an act of synthesis by the hemispheres of 
the animal. Given that there is a coincidence in time of any external stimulus 
whatever with some definite activity of the organism, this activity tends to 
become evoked by that stimulus. I, in co-operation with a great number of 
co-workers—to whom I send from here warm and sincere greetings—founded 
on this fact a systematic investigation of the functioning of the hemispheres 
under both normal and pathological conditions. 

We have concerned ourselves mainly with two activities of the organism, 
namely, its reaction to food and its reaction to substances which are rejected 
on introduction into the dog’s month—that is, with the alimentary and with 
one of the defence reactions- -and we connected with these all sorts of stimuli 
that occurred to us. Food, as a stimulus which aots in its own right from 
birth, evokes a definite reaction of the animal. The animal takes it into its 
mouth, masticates and swallows it, and at the same time a secretion of saliva 
occurs. This reaction wc call an unconditioned reflex. If, during the act of 
eating, some Bight or sound or touch affects the animal on each of several 
occasions, we find that these stimuli become signals of food evoking the same 
movements and the samo salivary secretion. In our experiments we measured 
only the aecretory reaction. 
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During the last twenty-seven years we have collected an immense number of 
observations, which it would be impossible to describe even in the shortest 
form; nor is it necessary, since this would merely be a repetition of what has 
been said in my recent book. I shall therefore restrict myself to those problems 
in the phymology of the hemispheres concerning which we have obtained new 
facts since the appearance of the book. 

As the foundation of the activities of the hemispheres we recognise the 
processes of excitation and inhibition, their movement in the form of irradiation 
and concentration, and their mutual induction. At present we are obliged to 
refer special cases of the activity of the hemispheres to one or other of these 
heads, but no doubt this classification will have to be modified and probably 
simplified. 

Before discussing the actual problems of the present Lecture, I wish to 
emphasise one important point. More and more observations ore being 
accumulated which show that the establishment of new nervous connections 
takes place entirely in the hemispheres. The implication is that not only 
neutral stimuli— i.e., stimuli which are not connected with any activity of the 
organism—but unconditioned stimuli also, come into communication with 
definite points of the cortex, pertaining to the respective stimuli. I cannot 
diBcuss the evidence for this statement now, but must proceed to the problems 
which are our immediate concern. 


I. 

We now know quite well all the conditions under which the conditioned 
reflex iB necessarily established. It follows, therefore, that its establishment 
is governed by physiological laws, os definite as those which regulate other 
phenomena in the nervous system. A f u II and stable conditioned reflex develops 
when the stimulus which is to become conditioned Blightly precedes that 
activity (unconditioned reflex) with which it is to be linked. Tho stimulus 
may also, without ill-effect, terminate a short time before the activity begins 
(conditioned trace reflex); but if the stimulus is introduced after tho beginning 
of the activity, then, although, as our present experiments seem to show, a 
conditioned reflex may also develop, it is insignificant and evanescent; on 
continuing the procedure the stimulus, which in this connection we term the 
neutral agent, becomes inhibitory. This fact, which is at present under careful 
investigation, is sometimes strikingly manifested. If during an experiment 
we simply repeat short feedings of tho animal, not combining them with any 
external stimulus, no influence is produced either on the general condition of 
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the animal or on the previously established conditioned reflexes. This is 
shown by tests carried out during the intervals between the feedings. If, on 
the other hand, some extraneous stimulus is introduced during the actual time 
of eating, and this is repeated many times, then, after a period varying in 
different animals, a general inhibition develops: conditioned reflexes weaken 
conspicuously, and finally disappear completely, the dog even declining food—in 
fact, there supervenes a hypnotic state. The extraneous stimulus itself, when 
tested outside the time of feeding, in combination with a positive conditioned 
stimulus, is found to have become strongly inhibitory. This inhibition can be 
observed whether the positive stimulus is applied concurrently with the 
extraneous stimulus or within the period of its after-effect. 

Where, under the ordinary method of establishing conditioned reflexes, the 
conditioned stimulus preceding the neutral stimulus is continued together with 
it, this, as has been observed from the very beginning of our experiments, 
never weakens the reflex : on the contrary, this frequently strengthens it. 

How are these facts to be understood ? From a biological point of view of 
machine-like reactions of the organism, the interpretation of all these relations 
does not seem difficult. Since conditioned reflexes play the rdle of signals, 
they must obviously acquire significance only when they precede in time the 
physiological activity of which they become signals; and sinoe they act on the 
extraordinarily responsive cells of the cortex, it would be natural to expect 
that these cells would not he stimulated longer than necessary, and their 
energy thus dissipated, but that they should be left to recuperate for auother 
phase of activity. (This suggestion has already been made in my book.) 
But how should these facts be explained in terms of the general properties of 
the oortical tissue ? How is it that an overlapping in time, given that the 
neutral stimulus begins to act first, renders this agent an excitatory stimulus, 
while a similar overlapping when the unconditioned reflex precedes the neutral 
agent makes the latter an inhibitory stimulus 1 The following interpretation 
may be possible. 

Negative induction or external inhibition (more and more observations are 
available to show that these are identical) oopsists in this, that a stimulation 
of the oortex at one point leads to inhibition of the rest of the oortex. Thu 
would explain how the cells when they are affected by the neutral stimulus, 
after some definite activity of the oortex has already been started, undergo 
% inhibition: the neutral stimulus, therefore, cannot under these conditions 
acquire excitatory properties. The mechanism of the development of the 
conditioned reflex under ordinary conditions can be pictured as follows: the 
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excited state of the cells of the oortex aoted on by the neutral agent (when this 
begins to act first) resists the inhibitory influence of the unconditioned stimulus, 
and it is only under these conditions that a fusion of the effect of the stimuli 
takes place, leading to the establishment of a connection between the two 
points. In other words, the mechanism is based on the confluent irradiation of 
exoitation arising at the two points. This interpretation of the facts, however, 
leaves many questions unanswered. Why does not the neutral stimulus, when 
it acts first, evoke inhibition of the points pertaining to the unconditioned 
stimulus f Why does it not produce the same effect as that produced by the 
unconditioned stimulus when this operates first ? 

While it is difficult to answer these questions, one can to some extent under¬ 
stand the position by remembering the relative strength of the stimuli; an 
unconditioned stimulus is usually much more powerful and more extensive in its 
effect than the neutral stimulus There is abundant evidence that the relative 
strength of stimuli is a factor of the utmost importance in the activity of the 
cortex. Moreover, as I have already mentioned, even where the unconditioned 
stimulus precedes the neutral agent, an abortive conditioned reflex may 
appear. Why then, in this case, do the cells pertaining to the neutral stimulus, 
which is already on its way to becoming a positive conditioned stimulus, 
invariably pass into a state of inhibition ? A fact of special interest is that, 
while a neutral stimulus which is introduced at the time of the operation of an 
unconditioned reflex sooner or later becomes strongly inhibitory, other points 
of the cortex, which are not stimulated at that time, do not become centres of 
a strong and protracted inhibition. At the same time, as I have already said, 
when an established but weak conditioned stimulus overlaps the unconditioned 
stimulus, its effect becomes, if anything, stronger. The fact that a neutral 
agent acquires powerful inhibitory properties when it is introduced during the 
unconditioned reflex (in our experiments on alimentary reflexes) is quite 
unintelligible from a general biological point of view. It might be suggested 
that our mode of administration of stimuli is artificial, and that therefore our 
observations disclose only a sort of pathological exaggeration of a normal 
mechanism. As against this, however, is the fact that all the temporal 
combinations of stimuli, which have just been described, frequently occur under 
normal conditions of life. A satisfactory solution of the problems presented 
cannot be given without further experimentation. 
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II. 

The second problem with which I propose to occupy your attention relates 

to the analysing funotion of the hemispheres. It is obvious that the analysis 

is based, in the first instance, on the peripheral endings of the various afferent 

nerves. These peripheral apparatus are a collection of special transformers, 

in which different forms of energy are changed into nervous energy. Each single 

afferent nerve fibre, running from some definite element of the peripheral 

receptive field, must bo regarded as a conductor to the cortex of some definite 

elemont of one or other form of energy. In the cortex a special cell must stand 
■* 

in connection with the fibre, the activity of the cell being related to some definite 
eloment of one or another definite form of energy. This interpretation of the 
structure of the cortex rests on definite experimental indications: as a result 
of investigation of functional disturbances of the cortical cells, such a fragmenta¬ 
tion of cortical functions is revealed as we could never dream of obtaining by any 
operative procedure. In my recently published lectures an observation was 
mentioned shoeing that it is possible to derange a point pertaining to a 
separate conditioned stimulus, namely, the sound of a metronome, leaving 
points corresponding to other auditory stimuli undamaged. Succeeding 
experiments have confirmed that it is similarly possible to create a localised 
disturbance of the cortex, corresponding to a definite point in the tactile 
analyser, without impairment of the normal functioning of any other points. 
The mosaic construction of the cortex becomes more and more tangible. 
The further question, however, immediately arises : How far does this spacial 
differentiation extend, for instance, m the case of different auditory Btimuli ? 
We have started, and are continuing, the following series of experiments. 

After having produced impairment localised at the cortical point related to a 
metronome, we proceeded to produce similar impairment at the point related 
to a particular tone : the selected tone then also ceased to produce a normal 
effect. It is interesting that in this case the impairment of function involved, 
to a certain extent, the rest of the tonic scale, so that the reflexes to other 
tones, which were not used in the experiments, also lost their normal stability— 
t.e., they easily underwent inhibition. Reflexes to other auditory stimuli, 
such os buzzing, hissing or bubbling sounds, remained normal. How can wo 
interpret these results except os indicating a precise localisation of different 
auditory stimuli in the cellular net of the cortex ? The facts which I have 
. mentioned are to some extent analogous to some of the various phenomena 
observed in aphasia in man. 



103 


Physiology of the Cerebral Hemispheres. 

The localised disturbance of the activities of cortical elements can be achieved 
in two ways. We employ a definite stimulus, which we have reason to believe 
is related to a definite cortical element, as both excitatory and inhibitory—that 
is, we develop a differentiation either of frequency of stimulation or of its 
intensity, and then bring these opposite reflexes into acute collision by applying 
one frequency or intensity immediately after the other: in certain nervous 
systems a pathological state of the corresponding cortical point results. The 
same thing happens whon an attempt is made to transform a long-established 
excitatory stimulus into an inhibitory one, and vice versa. In both cases, as 
illustrated by instances in my book, the disturbance is the result of a difficult 
encounter between the opposite processes. Moreover, by mere repetition of a 
conditioned stimulus for a prolonged period it is possible to render the cortical 
point more or less permanently inhibited. For instance, on repeating an 
auditory conditioned stimulus day after day many times in each experiment, 
it finally became null and void, a condition which lasted for some time. Other 
auditory conditioned stimuli, however, which were only used infrequently or 
were temporarily disused, remained entirely unaffected. 

I will now refer to another point bearing on the structure of the cortical end 
of the analysers, namely, vicanation of functions We extirpate some definite 
convolution of one hemisphere ■ a generalised cutaneous conditioned reflex 
suffers definite impairment, conditioned reflexes from some points of the skin 
lose their positive effect, and stimulation of these places now produces 
inhibition of all other conditioned reflexes when these are evoked simultaneously 
or after a short interval. The stimulation of these places may even lead to 
profound sleep in an animal, which up to this point never slept during the 
exiwriments— i.e , it leads to an irradiation of inhibition, not only over the 
cortex, but over the lower parts of the nervous system. Within weeks or 
months after the extirpation the positive effect of stimulation at these places 
returns, but is transformed with extreme case into inhibition. A few repetitions 
of stimuli in the same experiment may lead to complete inhibition. In these 
cases there is no evidence of the possibility of stable differentiation, according 
to the localisation of stimuli at any of the affected places. tSorac differentiation 
is obtained fairly rapidly, but the positive effect soon becomes weak and then 
vanishes. 

The same results of extirpation are at present under observation in a 
dog which was operated on nearly three years ago. This case is Bixx’ially 
instructive, because the operation was not followed by any sign of immediate 
or late complications in the form of convulsions. In my published Lecture I 
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advanced the conception that, in the cortex, there ore, besides the speoial areas 
representing the different Analysers, certain elements so to speak in reserve 
which are dispersed over the whole mass of the cortex. I mentioned also 
that these dispersed elements do not participate in any of the higher synthesis 
and analysis, functions peculiar to the special areas. Ab a result of the experi¬ 
ments just described, we are now able to add that the dispersed elements are 
not even capable of reaching the state of functional perfection with which the 
special ureas are endowed. 


III. 

The next problem in relation to which we have collected new data is that of 
fluctuations in the excitation of the cortical cells, their transition into an 
inhibitory state, and the summation of conditioned stimuli. The positive 
effect of various conditioned stimuli often undergoes considerable fluctuations 
in strength, even when the conditions apparently remain constant. As we 
push our investigation further, the necessity of determining the precise cause of 
every fluctuation becomes more and more imperative. The following is a 
typical case of which the significance has only recently been appreciated. 
For a long time it was impossible to find the cause of the fluctuations of 
different conditioned reflexes evoked during a particular senes of experiments. 
None of the already recognised causes of fluctuation would explain the case in 
question. Finally, attention was focussed on one of the stimuli as a source of 
the prevailing disorder in the strength of the reflexes. Wc began to notice 
that this stimulus, on being applied first in an experiment, evoked a 
conspicuously large response, compared with those to other stimuli. If. 
however, it was repeated in the experiment a second time, its effeot was then 
conspicuously small. Next we noticed that it was just after the application 
of this stimulus that the irregular fluctuations appeared in the strength of the 
other conditioned reflexes, and that, in addition, the animal became excited. 

All this inclined us to think that the stimulus was a very strong one for the 
cortical cells of the particular animal: the verification of this supposition was 
not difficult. It was sufficient to decrease the intensity of the stimulus in order 
to make the condiliou of affairs change ubruptly. The positive effect of this 
stimulus diminished somewhat, but it now became considerably more uniform 
in strength on repetition. Sometimes, even, it did not change at all daring 
the whole of un experiment. The other reflexes also ceased to fluctuate in 
strength, and the Animal quieted down. In order to collect further ■evidence 
some of the other stimuli were iu turn somewhat increased in strength, and. 
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as a result, the same fluctuations were observed as had been produced by the 
original strong stimulus. Experiments showing the effects of increased and 
decreased strength of stimuli can be repeated several times over in the same 
animal. Having acquired this information, we often, when beginning work 
with a new animal, tested the strength of various conditioned stimuli. In 
every separate experiment we repeated the same stimulus several times. In 
the usual course of things, after several repetitions of a conditioned stimulus 
in the same experiment, its effect diminishes to some slight extent towards the 
end of the experiment. The extent of this diminution and the amplitude of the 
fluctuations during the experiment definitely indicate those stimuli which are 
excessively strong, and therefore unsuitable for further experiment (unless, of 
course, the object of the experiment is to test stimuli of excessive strength). 
In the case of the repetition of excessively strong stimuli the progressive 
diminution in their effect is very considerable towards the end of the experi¬ 
ment, and during the experiment the fluctuations are remarkably great. 

In different animals the agencies which act as extraordinarily strong stimuli 
may be widely different from one another, os regards their ‘physical strength. 
Every animal, therefore, has a certain limit to what may be called normal 
excitability, for there is a definite optimal strength of each stimulus. As soon 
as the individual limit of normal excitability is reached, the corresponding 
cortical cells become more and more inhibited, and this state is reflected in 
other cells which are stimulated by other stimuli, with resultant variations in 
the strength of the reflexes m one direction or another, on account of irradiation 
or induction. It is therefor*’ obvious that we have constantly to ensure that 
our conditioned stimuli should remain within the limits of their optimal strength. 

In close conjunction with the question of the limits of normal excitability 
stands that of the summation of conditioned stimuli, which has interested us 
for a long time, bat has not hitherto lent itself to solution or experimentation 
As suggested m my lectures, the magnitude of the conditioned reflex is deter¬ 
mined, ceteris jxinbus, by the amount of energy transmitted from the stimulus 
to the cortex. The greater the energy, within certain limits, the greater is 
the conditioned response If two weak conditioned stimuli are applied together, 
their eliminated effect approximates to that of a strong stimulus. At certain 
strengths of weak conditioned stimuli an exact arithmetical summation of 
effect can be observed. If u weak stimulus is combined with a strong, their 
summated effect is nearly always equal to the effect of the strong one alone 
Finally, the summation of two strong stimuli produces an effect which is usually 
somewhat smaller, and only very seldom greater, than that of either singly. 

vol. cm.—B. i 
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In the variation of the experiment already described, when, in the course of 
one experiment, a single conditioned stimulus was repeated many times, the 
following results of summation were observed: first we obtained several 
curves expressing the fluctuations in the strength of conditioned reflexes for a 
weak, a medium and an excessively strong stimulus. Next we combined the 
action of the weak and medium stimuli, and repeated this summated stimulus 
the same number of times as the separate stimuli: the curve so obtained is 
identical in type with the curve for the strongest stimulus, exhibiting very 
considerable variations during the experiment, and ending in a profound 
diminution during the last few applications. 

There are other phenomena concerned m summation. In the first place, it 
has a certain after-effect, fn the case of a single application of a summated 
stimulus, the after-effect involves the subsequent reflexes in the same experi¬ 
ment not only those in response to the component stimuli, but also to all 
others The after-effect is obvious for several days Most conspicuous is thp 
inhibitory after-effect left by the summation of strong stimuli. The conception 
of the limit of normal excitability of cortical cells throws much light on the 
details of the fact of summation, but there still arises the further and very 
difficult question of the point where summation takes place. The results of 
summation of weak conditioned stimuli might naturally be regarded as a 
fusion of the pffect of both weak stimuli m that point of the cortex with which, 
in all these particular experiments, the conditioned stimuli are brought iuto 
relation viz., the chemical analyser m the cortex. But on the other hand, the 
summation of the weak conditioned stimulus with the strong, and of the two 
strong together, definitely points to the cells jiertaming to the conditioned 
stimuli themselves. We have every right to regard the inter-relation of 
processes in summation as taking place somewhere within the above-mentioned 
sots of cells, but what, is the share of the chemical analyser, and what the 
share of the cells pertaining to the conditioned stimuli, must be answered by 
the investigations on which we arc now engaged. 

When, in the same, experiment, we apply alimentary conditioned reflexes in 
conjunction with the reflexes to acid, the inter-relations become still more 
involved, because they arc complicated by the interactions of the different 
regions of the chemical analyser itself. The problems thus arising are also 
under investigation 

IV. 

Our final problem concerns the types of nervous system. The experimental 
material, collected from dogs which we used for our observations, is so large 
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that we have a certain basis for defining at least the main types of nervous 
syBtem. The difference as regards the development and the character of 
excitatory and inhibitory conditioned reflexes in our animalB may be striking. 
There is one group of dogs in which the positive conditioned reflexes develop 
with ease, quickly reaching and persistently remaining at their maximum 
strength, often in spite of various inhibitory influences, i.e., interference from 
extraneous reflexes. In the case of these animals an attempt has been made 
to reduce the effect of strong or weak conditioned fit imuli by means of unbroken 
repetition, a method usually very effective for this purpose, but the reflexes 
remained very steady. The inhibitory reflexes, on the other hand, develop 
in these animals with great difficulty, and it seems as if the animals’ nervous 
system opposes a barrier to their establishment. Much time must usually be 
spent in order to establish them firmly, if, indeed, this is possible at all. Some 
of those dogs fail to develop fully inhibitory reflexes, such, for instance, as those 
involved m the establishment of absolute discrimination of stimuli. In others 
fully inhibitory reflexes can be established, but they should not be repeated 
during a single experiment, or even once a day, otherwise they again lose 
completeness, and they are very easily dismhibitcd by extraneous stimuli. 
This type of animal may lie called the excitable type. 

At the other extreme is the type in which the positive reflexes develop 
under our conditions very slowly, slowly reach their maximum strength, 
and arc extremely liable to diminish and disappear for considerable 
periods of tune, in the presence of quite insignificant extraneous stimuli. 
Frequent repetitions of t he excitatory reflexes also lead to their diminution 
and disappearance. The inhibitory reflexes, on the other hand, are 
developed extraordinarily quickly, and well maintain their strength This 
type of animal may be called mhibitable. As regards the cortical cells 
of these two groups of animal, it may be presumed that in the excitable 
type the cells are vigorous and richly provided with “ excitable substance," 
while in the mhibitable type the cells arc weak and poor in that substance. 
For these weak cells the usual strength of stimuli is super-maximal, and 
lienee leads to inhibition. 

In between these two extreme types is the central type. This easily acquires 
both positive and negative conditioned reflexes, which, after development, are 
stable. Since the normal nervous activity consists in a perpetual equilibration 
of the two opposing nervouB processes, and since in the last type this equilibra¬ 
tion is more or less easily achieved, we may call this the " well-balanced ’’ 
animal. We have at our disposal several criteria for comparing different 
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animals as regards their conditioned activity, and the grouping of animals which 
I have just indicated finds constant confirmation. Of course, there are several 
gradations between these primary types. This classification also finds support 
in the fact that all the characteristic differences become exaggerated under 
the influence of various prolonged nervous disturbances (experimental neuroses) 
which develop as the result of excessively strong stimulation, or of unresolvable 
conflict between the two nervous processes. The balanced type more or less 
quickly, and at any rate without lasting disturbance, overcomes these 
difficulties; the extreme types show definite neuro-pathological symptoms 
differing in the two types. The excitable type entirely loses all capacity for 
inhibition, and enters a state of strong and continuous excitation, both under 
the conditions of onr laboratory environment and at large; the inhihitable 
type, on the contrary, loses almost completely the positive conditioned reflexes, 
and, in response to conditioned stimuli, passes through various phases of the 
hypnotic state. Treatment is needed in order to restore these animals to the 
normal—prolonged rest and interruption of the experiment, or pharmaceutical 
remedies, or both< 

It is of interest that the balanced type, as judged by means of our tests, 
is represented in two groups of animal, varying greatly in their general 
behaviour—one stolid and quiet, peculiarly indifferent to external happenings, 
but always on the alert; the other extraordinarily lively and mobile under 
ordinary conditions, and showing continual interest in whatever happens 
around them, but under monotonous oonditions—for instance, when left 
Hlone in the experimental room—surprisingly apt to fall quickly asleep. 
These dogs, like the quiet ones, though not so easily, overcome the difficulties 
presented to them. 

It is obvious that these types of nervous system are what is usually defined 
os “ temperaments.” Temperament is the most general characteristic of an 
individual, whether man or animal. It is the most fundamental characteristic 
of the nervous system, a characteristic which colours and. pervades all the 
activities of ever)' individual. This being bo, we cannot fail to sec that our types 
correspond to the ancient classification of temperaments, the choleric and 
melancholic types Jieing our extremes—excitable and inhibitablc ; while the 
phlegmatic and sanguine correspond well to the two forms of balanced type— 
the quiet and the lively. Tt seems to me that our classification of temperaments, 
which is based on the most general properties of the central nervous system, 
.namely, the relations between the two aspects of nervous activity, inhibition 
and excitation, is the most simple and the most fundamental possible. 
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Now since, in our experiments with conditioned refiexeB, we axe concerned 
with the properties of the hemispheres, we can go a step further and say that 
temperament is determined mainly by the properties of these. That the facts 
of temperament are not attributable to special complex peculiarities of the 
unconditioned reflexes, usually known as instincts or tendencies, is shown by 
the fact that the unconditioned alimentary reflex may be very intense in 
extremely inhibitable animals. Complex and special manifestations of uncondi¬ 
tioned reflexes, such as the alimentary, the defensive both in its active and 
passive form, and others, depend of course on the activity of the higher sub¬ 
cortical centres, which serve as the basis of the elementary emotions. The 
sum total of the vital expressions, however, will be mainly dependent on the 
type of the aotivity of the cortex, which may be predominantly excitatory or 
inhibitory, or both in different proportions, and which modifies the sub-oortical 
activity accordingly. 

The conception of the preponderant significance of the fundamental properties 
of the cortex, as determining temperament, should be Accepted as applicable to 
man. 

Having completed this survey of our recent experiments, and of the series 
of new problems arising therefrom in the physiology of the hemispheres and of 
the brain generally, I will attempt to draw two general conclusions—one 
purely physiological, the second more practical and of a certain general 
application. 

If the central nervous system is to l»e divided into two parts only, the 
afferent and the efferent, then I would regard the cortex of the hemispheres as 
constituting an isolated afferent area. Tn this area only does the higher 
analysis and synthesis of the inflowing excitations take place, and it is only from 
here that ready-made combinations of excitation and inhibition can flow into 
the efferent areas. In other words, only the afferent part is the active or, so to 
Bpeak, the creative part, while the efferent is the obedient executive. In the 
spinal cord the afferent and efferent partA are intimately connected : the 
investigator always carries away the impression of a unified activity of both 
parts, and is, as I believe, precluded from giving a self-contained description of 
tho peculiarities of the afferent part. For instance, the law of forward 
conduction of the nervous process is substantiated by experiments demonstrat¬ 
ing the uninterrupted progression of the spinal reflex act from start to finish. 
But is this law valid for a purely afferent organ ? In the cortex of the 
hemispheres we continually observe both progression and regression of the 
voi, cm. —b. k 
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excitatory and inhibitory processes. Is this the result of two-directional 
conduction along the same paths or, in order to preserve the principle of the 
law of forward conduction, must we understand that special complicated 
constructional devioes come into play ? 

Coming to the more practical of the two conclusions which I have mentioned, 
I am led to it under the influence of persistent impressions, formed over a long 
series of years devoted to this work. These multitudinous experiments on the 
activity of the hemispheres reveal the astounding plasticity of this activity. 
Many problems depending on the nervous function, which may seem for a given 
brain entirely impossible of solution, nevertheless, by means of gradual 
presentation and careful method, become in the end satisfactorily solved: 
and if they are to be solved, the type of nervous system of the individual 
animal must never be ignored. 

I trust that I shall not be thought rash if I express a belief that experiments 
on the higher nervous activities of animals will yield not a few directional 
indications for education and self-education in man. I, at any rate, can say, 
looking back on these experiments, that for myself they have made dear many 
things, both in myself and m others. 



Ill 


The Chemical Composition of Vegetable Heed Fats in Relation 
to the Natural Orders of Plants. 

By Thomas Percy Hilditch, D.Sc. 

(Communicated by Dr. E. F. Armstrong, F.R.S.—Received May l, 1928.) 

(From the Department of Industrial Chemistry, University of Liverpool.) 

Analyses, by recent and improved methods, of the mixed fatty acids from 
various seed fats arc now available in a number of different cases, and show, 
more definitely than hitherto, that the seed fats of members of the same 
botanical group frequently assess strongly marked specific resemblances. 

It has been recognised, of course, for a considerable time that seed fats 
from plants belonging to the same or nearly allied botanical orders often con¬ 
tain similar, and to a certain extent specific, mixtures of fatty acids. Thus, 
the fats from fruits of the Palma are marked by the presence of relatively 
large quantities of launc acid, whilst myristic acid is prominent in those of 
the Myrislicea, and erucic acid in seeds of the Crucifer a. 

Recent studies by investigators working in collaboration with the present 
writer, together-with similar data due to other workers, indicate that, so 
far as the Palma and Crumfem are concerned, the relative proportions of 
all the fatty acids present are strikingly similar, whilst in seeds of the 
Umbelhfera the occurrence, in varying amounts, of a peculiar isomeric form 
of ordinary oleic acid (A 6 7 -ocladecenoic acid or petroselinic acid) has been 
established in every instance so far examined. The present communication 
offers a conspectus of the data at present available in regard to the four botanical 
orders mentioned. 

Seed Fata of the Palma. 

This is the most familiar case of family resemblance in the chemical structure 
of seed fats, because of the large extent to which the so-called nut oils from 
kernels of genera in this order arc used in industry, in virtue of their soft but 
solid texture at the ordinary temperature. TheBe features are due, of course, 
to the presence of a large percentage of glycerides of fatty acids of lower 
molecular weight than that of oleic acid and in particular to large amounts of 
combined lauric acid. Such resemblances only pertain to the kernel fats 
(cf. Armstrong and Allan*): the fat from the pericarp of the fruit may have 

* Armstrong and Allan, * J.S.C.I..’ vol. 43, p. 211T (1924). 
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quite different characteristics, molnding the entire absence of latino and 
lower adds Farther, the fat of the testa is usually different from that within 
the kernel (Richardson,* Armstrong and Allan,f Allan and MooreJ) 

The oharaotenstio low molecular weight fatty acids of kernels of the Palma 
are, in fact, concentrated within the endosperm of the fruit, and it further 
seems not improbable that this true endosperm fat has a very closely similar 
composition in all cases, and that the amount of oleic acid present therein is 
not more than about 6-10 per cent of the total combined fatty acids This 
is well illustrated by the general characteristics (saponification equivalent 
and iodine value) of the fats from the testa and testa free kernels of the 
following nuts (as recorded by Allan and Mooref) - 


Kernels 

Saponification equivalent 

Iodine value 

Testa fat 

Test* free fat 

Testa fat 

Testa free fat 

him kernels 

244 0 

229 0 

28 0 

■H 

Baburo kernels 

341 0 

317 5 

32 8 


Ouncury kernels 

23 1 3 

214 0 

30 4 

■HM 


The detailed compositions of the combined fatty acids present (for which 
data are now available for palm kernel fat from kernels with testa, for ooconut 
fat both from the testa and from the testa free kernels and for cohune nut 


fat from kernels with testa) renders the comparison still more sinking — 



| Coconut * 

Palm kernel* 

Cohunef 


Twtafat 

| Testa free 

(with testa) 

(with testa) 

Capnrfio acid 

Caprioawd 

Per oant 

2<?) 

Per cent 

9 5 

Per cent 

3 0 

Per oent 

7 5 

2 

4 8 

3 0 

6 5 

Latino aod 

28 

01 0 

02 0 

46 6 

Myristh wart 

22 

18 0 

16 0 

16 0 

Fafautw aod 

12 

7 0 

7 5 

9 0 

Stearic add 

1 <?) 

3 0 (T) 

2 0 

3 0 

OMoaod 

23 

5 0 

16 0 

10 0 

Unolrio acid 

10 

1 0 

1 0 

I 0 


* Armstrong, Allan and Moore, J 8 C 1, vol 44, pp 61T, 143T (IMS) 
f Hdditch and Vidjarthi, ‘ J 8 C I,’ vol 47. p 35T (1928) 


* Richardson, J Ind Eng Cham ,* vol S, p 574 (1911) 
* t hie ett 

% Allan and Moose, *J SOI,''vol 44, p 61T(1926) 

1 Lot ett 
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The main component of each kernel fat m laurio acid, CudI M Oa (46*5 to 52 
per oent. of the mixed fatty adds), the next most prominent acid is myristic, 
CuHisOa (15-18-5 per cent.), followed by palmitic acid CkjHjjOi (7*5-8*5 
per cent.), and oleic acid, CigH^O* (from 5 per cent, upwards). There are 
smaller quantities of caprylio acid, CgHi«0 2 , and oaprio acid, CuHaoOi, 
amounting together to from 6-14 per cent, of the total fatty acids. 

The characteristics of other tropical nut fats examined by the Imperial 
Institute* suggest that widely differing genera of the Palma, grown in districts 
so widely separated as the East Indies, West Africa, and Central or South 
America, contain fatty acid mixtures of the same nature :— 


Name. 

Source. 

Habitat. 

Kernel fat* 

gap. eqtdv 

I.V. 

Cgkcrite nut* 

Maxtmtl\ana sp. 

British Guiana 

222 

11-0 

Babaasu kernels 

AtUdea fumferu 

Brazil 

225 

10-8 

Tooan nuts 

A strocaryum culgart 

Brazil 

225 

11-6 

Paraguay kernels 

Acrooomui sp. 

Paraguay 

227 

28-5 

Noll Palm 

JNcm melanococca 

Colombia 


27-7 

Gnrua palm 

AUalea spectabths 


216 

8-9 

Chwre palm 

A strocaryum sp. 

Colombia 

225 

9*4 

UuuiTon , 

AUalea ip. 

8. America 

224 

10-8 


This close connection between botanical and chemical characteristics— 
the more remarkable since it involves a specific type of fatty acid mixture 
(high lauric acid content) not met with in any other natural fat—is probably 
reinforced by general similarity in the component glycerides present in the 
fats. Knowledge of the mode of union of fatty acid with glycerol in natural 
fats has hitherto been scanty, but work in progress in this laboratory! on 
palm kernel and coconut fats goes to show that in both oases by far the larger 
part of the lauric and myristic (and most of the caprylic and oapric) acids is 
oombined in the form of saturated triglycerides, ».e., independently of oleio 
arid; the latter acid is linked with about its own weight (about 1 * 3 equivalents) 
of saturated acids (chiefly lauric and palmitic); simple triglycerides (e.g,, 
trilaurin or triolein) appear to be absent. 


* ' Imperial Institute Bulletins,’ vol 14, p. 8 (1010); vol. 10, p. 38 (1917); vol. 17, 
p. 180 (1910); voL 18; p. 172 (1920); vol. 19, p. 293 (1921); vert. 20, p. 147 (1922). 
t Collin and Hilditch, forthcoming publication. 
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Seed Fata of the Myristioeca. 

No data based on modem methods have yet been given for the detailed 
composition of the combined fatty acids of fats of the mace family, such as 
nutmeg butter; but records of their general characteristics (such as the 
saponification equivalent and iodine value) indicate the presence of large 
amounts of combined myristic and oleic acids, as shown in the next table:— 


Seed fat from 

| Common name. 

S.E. 

I.V. 

Habitat. 

JHyristfca officinalis* 

Common nutmeg 

246 

70 

£. Indies, 

„ arffoienstsf 

Kombo fat 

262 

77-4 

Nigeria. 

„ guatemaUixsxsl 

Vlroia fat ... 

258 

12-4 

Venezuela. 

„ bicuhybaj 

Uouhoba fat 

255 

14-18 

Brazil. 

, t otoha] j 

Otoba fat 

243 

? 

America 

Bcypkoupholtum ochocoa} j 

Ocbooho fat 

235 

1-7 

W. Africa. 


* Fttbrw and Hettunj, * Atti del VI Congreeso internal dl ohimioa applicate,' Borne, p. 756 
(1007). 

| Imperial Institute, 1 Bulletin, 1 vol. 6, p. 378 (1908). 

J U rim me, * Chem. Bevue/ vol. 17, p. 283 (1910). 

| Lewkowitsch and Warburton, 1 Oils, Fate & Waxes, 6th edit., vol. 2, p. 580 (1922). 

|| Baughman, Jamieson and Brauns, 4 J. Amor. Chem. Soc.,' vol. 43, p. 199 (1921). 

^ Lewkowitftoh and Warburton, ibid., p. 581. 

The Myristica seed fats therefore appear to stand apart in their high oontenta 
of combined myristic acid (an acid which does not occur in large proportions 
in any other type of vegetable fat); and considerable proportions of the 
myristic acid are stated to be united with glycerine separately from oleic aoid 
(Power and Salway,* Verkade and Coopsf). In this way the seed fats of 
this family appear to run more or less parallel with those of the Palma, except 
that the characteristic lauric acid of the latter is here replaced by myristio acid. 

It may be added that a re-investigation of some of the mace fats by the 
aid of recent methods is contemplated at an early opportunity by the author 
and co-workcrs. 

Seed Fata of the Crvdferca. 

The fatty oils of the Cructferee, widely remote in general properties and 
chemical structure from the tropical nut fats, are also characterised by re¬ 
semblances peculiar to the family, notably theif high content (usually 40-00 
per cent.) of combined erucic acid, CHJCHJ 7 CH: CH. [CH,] u CO,H, and 
also the occurrence of very small amounts of an aoid (or mixture of acids) 
isomeric, but not identical, with ordinary oleic aoid 4 

* Power anil Salway, ‘ J. Chem. Soc.,’ vol. 93, p. 1668 (1906). 

t Vorlude and Coops, ‘ Reo. trav. ohim.,* voL 46, p. 628 (1927). 

{ Hilditch, Riley and Vidyarthl, • J.8.C.I.,’ vol. 46, p. 462T (1927). 
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Some detailed analyses (which have become available only recently, although 
the presence of erucic acid in Brassica seed oils has been recognised for many 
years) are appended. These illustrate the striking similarities, coupled with 
subordinate differences, in the composition of fatty acids from rape seed, black 
and white mustard, and common wallflower seed oils. 


Botanical specific. 

Brassica camps Hr is. 

B. nigra. 

B. alba . 

Cheirantkuw 
cheirt . 

Description. 

Rape. 

R&viaon 

Black mustard. 

White 

mustard. 

Wallflower, 


Indian.t 

Dane- 

bian.f 

i 

English,* 

Indian.t 

English ,f 

English. J 


i 

Per cent. 

IVr cent. 

Per cent. 

Per cent. 1 

iVr cent. 

Per cent. 

Per cent. 

fatty acids. 

(i) Saturated — 








Mynstio 

—. 

1*5 

— 

— 

0-fl 

— 

_ 

Palmitic 

1 


o 

2 

— 

2 

3 

Rtearlo 

— 

1*0 

— 

Trace 

! _ 

Trai-e 

_ 

Araohidio 

i _ 

— 

.— 

Trace 

1 — 

1 

- 

Rchenio 

1 _ 

0 5 

Trace 

— 

3 8 

_ 

_ . 

Lignoceric 

1 

i 

2 4 

2 

n 

4* 

1 1 

1 

0-5 

(ii) Unsaturated — 








Ololo 

32 

20-2 

20-5 

24 >5 

32 3 

28 

12 5 

Linoleio 

16 

14*5 

25-5 

10 5 

18-1 

14-5 

41 

Lmolenio 

1 

21 

o 

2 

2 7 

! i 

4 

Eruoic 

m 

67 2 

47 

GO 

41 -fi 

] 62-fi 

39 


* Hilditoh, Rilov and Vidyarthi, 1 J 8.C.T.,’ vol. 46, p. 467T (1027). 

t Sod bo rough, Watson and Ayyar, * J. Ind. lnat. Kci.,’ vol. 0A, p. 20 (1026). 

* Hilditoh and Jones, ‘ J.S.C.I.,' vol 40, p. 467T (1027). 


Although it is not safe to formulate precise conclusions on the basis of the 
mean characteristics of a fat as a whole, it appears highly probable from the 
saponification equivalent, iodine value, and content of non-saponifiable matter 
present in seed fats of seven other members of the Cruoiferce which were 
examined by Grimme,* that other fatty oils of the Crucifera share in the 
peculiarities of those which have be<n more intensively examined. At all 
events, the seed fats of all Cruciferous plants which have been closely 
examined up to the present bear very close resemblances to each other, and 
at the same time are distinct in chemical composition from those of any 
other botanical order; except that, according to Sudborough, Watson, Ayyar 
and Damle,t the seed fat of Tropaolum, majus has a composition by no means 
dissimilar from those of the Brmtica fats. 

* Grimme, 1 Chun. Rev. Fett. Han. Ind.,' vol. 10, p. 102 (10)2). 
t Sudborough, Watson, Ayyar and Damle, * J. Ind. Inst. Soi.,' vol. 0A, p. #0(1026). 
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Seed Fate efthe UmbeOifera. 

So far as is known at present, the fatty acid mixtures comprised in these 
seed fats are comparatively simple, in that they consist almost exclusively of 
unsatorated acids of the Cm series; but a peculiar feature is that an important 
proportion of the oleic acid (e.g., from 20-80 per cent.) is not the ordinary 
A 9 ,M -octadeoenoic acid, but an isomeric A*‘ 7 -octadecenoic acid. 

Vongerichten and Kohler* first isolated this acid (“ petroaelinic acid ”) 
from the fatty oil of parsley seeds (PetroeeUnvm sativum) ; petroeelinic add 
forms about 76 per cent, of the total fatty acids of parsley seed oil,f and its 
structure has been confirmed by Miss £. E. Jones and the writer,f and by 
van Loon.J 

The seeds of PimpineUa anisum and Fanieulum capiUaceum were stated by 
Scherer} to contain a solid oleic acid (apparently identical with petroeelinic 
acid); the latter acid was also found by Palazzo and Tamburello|| in seeds <Vf 
the common ivy (Hedera Mix), belonging to the Araliacece, an umbellate 
family closely allied to UmbcUtfera, although separated on account of the 
more suoculent fruit. 

Other Umbelliferous seed fats are being studied in this laboratory. Those 
of the native wild species Heracleum sphondylium and Angelica sylvestns each 
containabout 20 per cent, of A 9:7 *octadecenoic acid,If whilst those of cultivated 
species, such as carrot, celery, chervil and parsnip, also contain varying amounts 
(30-00 per cent.) of this acid.** 

Clearly this is another case in which definitely related groups elaborate a 
more or less specific type of fatty acid for purposes of storage of the fatty 
matter in the fruit; but in Umbdlifera the specific type takes the form, not 
of a particular acid, lower or higher in the homologous series of fatty acids 
than the customary Cm or Cm acids, but of a definite oleio acid isomeric with 
the more generally distributed A 910 -octadecenoic acid, existing concurrently 
with the latter, and so far encountered only in the seed fats of this particular 
order, UmbeUiferce, and of the very nearly related Araliacece. 


* Vongeriohtea and Kohler,' Ber.,' vol. 42, p. 1638 (1900). 
t Hilditch and Jones, ‘ JJS.C.I.,’ vol 46, p. 174T (1927). 
t Van Loon, ‘ Rev. Trav. Chira.,’ vol. 46, p. 492 (1927). 

| Scherer, * Inaugural Dissertation,* Strassbtug (1909). 

|| Pal tiro and Tambuiello, * Atti R. Aooad. Llnoei,’ vol. (v), 23 (U), p. 362 (1914). 
If Hilditch and Jones, ‘ Bioohem. Joura.,’ vol. 22, p. 328 (1928). 

** Ghfistian and Hilditch, forthcoming publication. 
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Condvrion. 

The evidenoe at hand is still somewhat scanty and diffuse, and from the 
nature of the case it is difficult to accumulate detailed analyses of the combined 
fatty adds in various seed fats at anything but a very slow rate. Neverthe¬ 
less, the faots set out above render it evident that, in the four orders discussed, 
there is a marked tendency towards the production of quite specific fatty acids. 
Other adds, of course, are also present, oleic and linoleic acids usually in fair 
to considerable proportions, and also minor amounts of such adds as palmitic, 
araohidic or lignoceric; but the four acids, lauric, myristic, crude and petro- 
selinio, stand out quite definitely in their nature and proportion in the 
respective cases of the four orders, Palmas, Myriaticea, Crucifera and 
UmbdUfercB. 

It is to be inferred that the seed fats of any given botanical order have 
certain characteristics of their own, and much in common with each other, 
differing from those of dissimilar orders. 


Myothei'mic Apparatus. 

By A. V. Hill, F.R.S. 

(Received May 8, 1928.) 

(From the Department of Physiology and Biochemistry, University College, London.) 

The investigations to be described in subsequent papers represent an attempt 
to dear up, with the greatest accuracy possible, a number of outstanding or 
controversial points in connection with the energy exchanges of musole. 
During the course of them a new and striking phenomenon has been en¬ 
countered, in respect of the resting heat-production of muscles kept under 
striotly anaerobic conditions. It has been necessary, moreover, for various 
purposes, to follow the heat-production of stimulated or recovering muscles 
for long periods, sometimes for an hour or more. The apparatus available 
proved inadequate for these new purposes, and had to be designed and con¬ 
structed afresh. 

The present paper is a description of the methods finally adopted; the 
results obtained are given separately. In almost every respect the apparatus 
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now employed will yield more reliable results, and is simpler to use, than any 
previously described, at any rate by the present author. The essential con¬ 
dition whioh it fulfils is that it will read, with relative accuracy, not only the 
heat suddenly produced by a single stimulus, but that liberated over long 
intervals at rest, or in recovery, or by prolonged discontinuous stimulation. 

A.— Galvanometer. 

Throu gh out the present experiments, which have required considerable 
sero-stabflity in the recording instruments, the galvanometer employed has 
been of the moving-coil type, viz., a Zernicke (Zd) galvanometer manufactured 
by Messrs. Kipp of Delft. With a complete period of about 2} seconds, with 
a resistance of about 25 ohms, and with its magnetic shunt adjusted for critical 
(lamping with an external resistance of about 60 ohms, this instrument gives, 
at 3 metres distance, a deflection of 40 to 80 mm. for a single muscle twitch, 
when connected to a thermopile of the type described below. The galvano¬ 
meter was mounted on a Julius suspension, damped by a vane in oil beneath, 
care being taken to place the point of attachment of the coil to the body of the 
galvanometer as near as possible to the centre of gravity of the whole suspended 
system. This arrangement abolished mechanical disturbances to such a 
degree that reading was possible to 0*5 mm. at a distance of 3 metres. Nothing 
but heavy gusts of wind produced a measurable disturbance, in spite of the 
fact that all the experiments were performed on the third floor of the building, 
with no other precautions taken to avoid mechanical vibrations. 

The coil of this galvanometer—as is necessary for its short period—is of 
extreme lightness, and perhaps for this reason, in spite of a quartz fibre sus¬ 
pension, its zero shows a gradual creep (up to 5 mm. in a period of hours), 
especially when the light is first turned on. This is probably due to slight 
alterations in the mechanical state of the coil, caused by changes of tempera¬ 
ture. To avoid error the scale was adjusted to galvanometer-zero at intervals 
throughout an experiment. 

The mirror of the galvanometer is sufficiently large and plane to allow the 
beam reflected from a " pointolite ” lamp to be read to 0*2 mm. in broad day¬ 
light on a scale at 3 metres. In certain cases, as, for example, in measuring the 
total heat produced m a series of twitches at 3-second intervals, it is desirable 
to employ an overdamped deflection of the galvanometer, in order to smooth 
the eurve obtained by reading every 5 seconds. This is readily done by 
increasing the magnetic field, and, if neoessary, introducing an appropriate 
' 'series resistance and shunt. 
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1 8everel galvanometers of this type, possessing various characteristics, are 
manufactured by Messrs. Kipp. They seem, for myothermio measurements, 
to be greatly superior to any other moving-coil type; they possess a short 
period, good zero-keeping qualities and absence of^ creep, a high sensitivity, a 
good large mirror, and a magnetic Bhunt for adjusting sensitivity and damping, 
and they are simple to use and control. Being—like all moving-coil galvano¬ 
meters—completely unaffected by external ma gnatic fields, they eliminate 
one serious source of error. Where great quickness of response, or extreme 
sensitivity, is required, they are still considerably inferior to a good moving- 
magnet galvanometer, e.g., of the type designed by Downing (1). Fox 
general purposes, however, in myothermio measurements, their various 
advantages, and their simplicity in the hands of a novice, make them far the 
best recording instrument at present available. Further details of their 
performance have been given by Gerard (10), who used a pair of them, with a 
thermal relay, for the analysis of the two phases of nerve heat-production. 

B.— 'Recording. 

The initial heat produced in a single contraction of a muscle (twitoh or 
tetanus) was read directly as a deflection on a scale, or else recorded photo¬ 
graphically in case an analysis of the time-relations of the heat-production 
was required. For photographic recording a camera by Boulitte was used, 
employing rapid bromide paper 8*9 cm. wide wound on a drum 100 cm. in 
circumference. One advantage of this camera is that it can be used in day¬ 
light, with a shutter to cut out the light when the record ie not actually being 
made. It was driven at the desired speed by a motor, and the beam of light 
from a narrow vertical slit in front of a “ pointolite ” lamp was recorded as a 
sharp black line, interrupted by a metronome ticking half-seconds. The 
camera was distant about 70 cm. from the galvanometer. In many experi¬ 
ments it was desired to record the early part of the deflection (15 to 30 seconds) 
photographically, and to read the rest of it (up to 6 minutes in nitrogen or 
20 minuteB in oxygen) at suitable intervals on a scale. This was done by 
employing two reflected beams of light, one falling on the camera, the other 
on the scale. The maximum read on the scale was compared with that of the 
, photograph, and so the two records were fitted together. 

The light was admitted to the camera by the magnetio release of a shutter, 
timed to ooinoide with the beginning of the stimulus. By spacing the reoorde 
suitably five could be made on a single strip of paper. The simultaneous 
reading on the stale gave a considerably improved control of the experiment, 
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the observer being able to assure himself that everything went aooording to 
plan, without moving from his usual position. A base line was provided on 
the photographic reoord by making an exposure with the galvanometer 
-disconnected from the thermopile. The records were perfectly smooth and 
.sharp, and readable easily to 0*1 mm., the time-marks were quite clean-out, 
and the commencement of the stimulus clearly shown by the sudden beginning 
of the curve. 

In many of the experiments to be described the total heat was required, e.g .: 

(а) in a series of twitches in oxygen or nitrogen; 

(б) in a single contraction, for comparison with the initial heat; 

(c) in oxidative recovery after anaerobic stimulation; and 

(d) when carbon dioxide was admitted, and combined with the alkalies of 
the muscle. 

The total heat is given by the area of the deflection-time curve, over any 
-complete process, as the following considerations show. 

The flow o t heat, 'the rise and subsequent fall of temperature of the hot junctions, and 
the movements of the galvanometer in response to the sudden production of an dement of 
heat 4H, am all governed by equations which, if we oouid solve them, would lead to an 
expression of the following type for the galvanometer deflection fly as a function of the 
time t 

»y = m/(t). 

It a number of heat elements 4H V 4H„ AH,,..., be liberated at times d,, d t , d |t ..., the 
resulting total defleotion is given by 

V - tyi + 4y, + 4y a 4- .. 

- *«,/(< - d t ) + 4H,/« - 3 t ) 1- AH,/(f - d,) + . 

(i = * 

Now the total area Y of the defleotion-time curve is I udt. and ta. therefore, 

Jr - o 

Y = (' “ (t - B x )dt + AH, f "/(/ - 9 t )dt + .... 

Jf^O JlmO 

But the integrals are all equal, provided (1) that /(< — 6) is cero for t < 0, as is obviously 
the oase; and (ii) that the times d,. A,, d„..., do not oontinue to «e, \Jt., that the total 
heat is liberated in a finite time. Hence we have finally, 

Y = (AH, + AH, + AH, + ...J f * */(!)*, 

or In other words, the total area Y of the deflection-time curve is proportional to the total 
heat set free, whatever its distribution in time. It sK^nM be particularly noted that this 
relation refers only to Mat areas (t = 0 to t «■» *), and that the area of any part of the 
defleotion-time curve is not oeoesserily e measure of the heat liberated in the c or re spondin g 
, Interval To obtain the Utter, a full analysis of the heat-production Is necessary, whtah 
is possible only by the Uborious numerical method described by Hartree and Hill (2) (I). 
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He im of the deflection-time curve was obtained by plotting on equaled 
paper the deflection read at suitable intervale on the aoale. It ia neceeeary 
tiiat the deflection should be oonstant at the beginning, and at the end, of the 
aeries of readings. The areas were evaluated either (i) with a planimeter, (ii) 
by cutting out and weighing, or (iii) by direct addition. It is usually neoeesary 
to allow for the resting heat-production, which may not remain oonstant: the 
manner of doing this varies from one type of experiment to another, and will 
be described in the proper place. 

As a corollary to the above it is obvious that when the rate of heat-pro¬ 
duction is constant there will occur a constant deflection on the scale. Thus 
the rate of resting metabolism—if constant—can be read directly at any 
moment, as a displacement from galvanometer-zero. 

The theoretical relations described above have been verified experimentally, 
and found to be strictly true. 

C.— Thermostat. 

In order to obtain a constant zero, from which to read the resting heat-rate, 
it is essential that no differences of temperature should persist .within the 
thermopile. The absence, moreover, of temperature fluctuations greatly 
increases the accuracy of the determination of the recovery heat-rate over 
long intervals. To avoid such temperature differences, the thermopile, as 
described below, may be constructed mainly of good heat-conductors. There 
is, however, a limit to the improvement obtainable by such means: heat 
-conduction from hot to cold junctions in the thermopile must be relatively 
slow, otherwise heat produced by the tissue on the hot junctions is too rapidly 
lost, and the sensitivity is proportionally diminished. Even the best thermo¬ 
pile hitherto constructed, placed in a Dewar flask, under water well stirred but 
otherwise uncontrolled in temperature, exhibits temperature differences far 
too great to allow an accurate determination of the resting heat-rate. The 
gradual change in temperature of the bath, and therefore of the thermopile, 
•causes a heat flow along the latter, with persistent temperature differences 
between hot and cold junctions. To avoid such errors Hartree has long used 
-electrical heating of the bath, keeping the temperature approximately oonstant 
by varying the current according to the readings of an ordinary sensitive 
thermometer. For the present experiments a higher degree of temperature 
regulation was necessary, and a more elaborate thermostat arrangement has- 
been employed. By means of this the temperature of the bath oan be kept 
■c on s t ant within 0'001° C. for long periods, thus eliminating, practically com¬ 
pletely, any heat-flow in the instrument, and so ensuring that the reading of 
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tiie galvanometer connected to the thermopile really represents the true rate 
of heat-production of the tissue lying on the hot junctions. The extreme 
accuracy of the method of temperature regulation employed, and its relative 
simplicity, may make it of value for other purposes; for example, it might 
elimina te the necessity of differential arrangements in volumetric gas measure¬ 
ments, since 0*001° C. at 300° absolute represents only 1 part in 300,000, or 
one-tenth of a cubio millimetre in 30 c.c. In all the experiments described 
below, this thermostat was used. 

The essential condition for such temperature regulation is that the bath should 
be extremely well stirred. A small electrically driven Lennox blower wai 
employed, delivering a blast of air through a tube to the bottom of a long 
cylindrical Dewar flask (10 cm. diameter) which was filled with water, adjusted 
initially to be 1° to 3° above the temperature of the room. In this water waa 
placed a platinum resistance thermometer, insulated in a glass tube. The 
resistance thermometer was supplied with balancing leads, so that its readings 
were independent of the temperature of its connections to the bridge. The 
latter was of the ordinary kind, except that one of its arms (which were all of 
low resistance) was connected in parallel with an adjustable high resistance, 
which acted as an extremely sensitive fine adjustment. A change of 1 ohm 
in this high resistance represented about 0*001°. The bridge was connected 
to a sensitive moving-coil galvanometer, read on the same scale as the galvano¬ 
meter connected to the thermopile; thus the experimenter could readily 
observe the temperature of the bath, and the speed and direction in which (if 
at all) it was changing. The temperature was controlled as follows:— 

A resistance wire was soldered to copper leads and drawn through a long 
narrow glass tube ; the tube was bent back on itself in the middle and filled 
with thick paraffin oil. The resistance wire in its glass cover was entirely 
below the level of the water surface, but the ends of the glass were well above 
it, so that there was no risk of an electrical leak of warming current to thermo¬ 
pile or resistance thermometer. A Current was led from six large accumulators 
to the resistance wire through a milliammeter and a pair of rheostats, a low 
resistance and a high resistance rheostat in parallel. The strength of the- 
cuxrent was regulated by hand, the high resistance rheostat providing a fine 
adjustment. By carefully watching for a few minutes the movements of the- 
spot of light from the galvanometer connected to the resistance thermometer, 
and b^ making the appropriate adjustments'of the wanning current, any 
initial Change of temperature of the bath could be ohecked, and then fay 
observation and readjustment every 3 to 5 minutes tbe temperature could be 
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maintained constant for long periods within ± 0-001°, i.e., to within ± fi nun. 
on the galvanometer scale. The temperature control is relatively simpler 
when the bath is not much hotter than the room; under ordinary conditions, 
however, it provides only an inconsiderable addition to the duties of the 
experimenter. No doubt, by means of a photo-electric relay, it could be made 
automatic, but without special arrangements such a relay would have to turn 
the warming current off and on, rather than adjust it in strength, and the success 
of the system adopted is probably due largely to the continuity of its working. 
If required, a little extra attention on the part of the observer can readily 
secure a still greater accuracy of temperature control, Bay, to 0-0005°, but for 
the present purpose this was unnecessary; in fact, constancy to within 
± 0-003° was sufficient. 

D.— Thermopile. 

Theoretically it should be possible to measure the rate of resting heat- 
production of a muscle lying on a thermopile by determining the displacement 
of the galvanometer from its zero when connected to the thermopile. This 
assumes (a) that in the absence of heat-production the hot and cold junctions 
will settle down finally to the same temperature, and (6) that there are no 
other e.m.fs. in the circuit to cause a displacement. The first condition will 
be satisfied if the temperature of the bath in which the thermopile chamber is 
placed remains sufficiently constant, and if no heat can leak in or out along the 
rods and wires connecting the instrument to the outside; for then, after a 
sufficient interval, the whole of the system must settle down to a constant 
temperature. The thermostat arrangement described above, and a sufficient 
depth of immersion to prevent heat-flow, should be adequate to ensure the 
realisation of condition (a). 

In spite, however, of every precaution to maintain a sufficient temperature 
control, it became obvious, during the present investigation, that no thermopile 
available would measure the rate of resting heat-production. Usually after 
temperature equalisation was complete there was a negative deflection from 
galvanometer zero, suggesting the impossible phenomenon of a steady heat 
absorption by the resting muscle. This same apparent negative heat-pro¬ 
duction has for several years been noticed by my colleague Mr. Hartree at 
Cambridge, but no explanation has been forthcoming. Recently one of Mr. 
Hartree’s thermopile# has been tested in my thermostat; it showed the same 
negative deflection. Moreover, in many experiments made in the autumn of 
1927 with the “ brass-collar ” thermopile described in 1925 (A. V. Hill (4), 
figs. 1 and 2, p. 239), with every effort made to secure good insulation and 
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adequate temperature oontrol, nut only did negative displacements of thw 
galvanometer occur with a muscle at rest, but also on oooashms ridiculously' 
large positive ones, while the change of displacement associated with a replace¬ 
ment of nitrogen by oxygen in the chamber was far too great to be attributed 
merely to an alteration in the metabolism of the muscle. 

It became clear that galvanic effects were at work, that the insulation which 
we had regarded as adequate was inadequate, and that moisture was able to* 
reach the elements of the thermopile and so set up electrode potentials and 
galvanic currents. If moisture be in fact capable of penetrating the insulation 
and making it, to some slight degree, an electrolytic conductor, it is not 
remarkable that such effects should be produced in the circuit. There is a 
considerable difference between the electrode potentials of silver and of oon- 
stantan, and if wires of these two metals be placed in salt water and con¬ 
nected to a galvanometer, a large deflection will result (fig. 1 a). Soldering the- 
two wires together diminishes, but does not abolish, this deflection: most of 
the current may be 'short-circuited through the junction, but some of it still 
travels round in the external circuit (fig. 1b). Thus if a thermo-element be* 




Pm. 1.—Diagram to show the galvanic effect due to a thermocouple of sflveranwtantaa 
immersed in m> electrolyte. Left, elements separate; right, dements joined*. 
t, stiver; e, oonstantan. 


placed in a conducting medium, we should expect to find a galvanic effect from 
it, and when a large number of elements is oonnected in series, such effects 
would mount up and might produce a considerable effect. In these thermo¬ 
piles the insulation was, in fact, fairly good, otherwise the galvanio effect would 
have been greater than observed. By increasing the efficiency of the insula- 
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tion, and diminishing its capacity for absorbing moisture cud becoming an. 
electrolytic conductor, we might hope to avoid these errors. The success oi 
thenew thermopile constructed on these lines indicates that the above explana¬ 
tion of the disturbances observed is correct. 

For a measurement of the resting heat-rate it was necessary to avoid the 
errors described; for other purposes also, where a constant base-line is required 
over a considerable interval (e.g. t in a determination of the recovery heat), it 
would be a great advantage to be sure that the displacement of the galvano¬ 
meter really represented heat-production only, uncontaminated by any 
(perhaps inconstant) error. The thermopile, therefore, which is shown in fig. 
2, has been designed and constructed for me by Mr. A. C. Downing. Properly 
treated it avoids all the errors described; it can measure the resting heat-rate 
as readily as the heat produced by stimulation; in ease and simplicity of 
working, and in quickness of response, as well as in accuracy and freedom 
from errors, it represents far the best instrument at present available for 
myothermic measurements. 

The principles underlying its design were as follows :— 

(1) Heat conduction between the different parts of the frame should be as 
good as possible, m order (a) to ensure rapid temperature equalisation, and 
(6) to avoid differences of temperature along the face of the thermopile. A rapid 
settling down to a oonstant temperature saves time and helps to avoid artificial 
differences of temperature between hot and cold junctions. To eliminate 
temperature differences along the face of the thermopile is essential in experi¬ 
ments where the muscle shortens and work is done ; otherwise hotter or colder 
points come upon the junctions during shortening, and cause unaccountable 
and often unrealised errors. It is still to some degree doubtful how far any 
experiments hitherto recorded on the heat-production of muscles allowed 
actually to shorten are completely free from this objection. 

(2) The insulation, while as thin as possible over the hot junctions in order to 
allow rapid conduction of heat from the muscle, should be very good, and 
should consist of materials unlikely to absorb appreciable quantities of moisture 
and so become electrolytic conductors. 

(3) The wires should be very thin, and the hot junctions should be imbedded in 
a thin smooth sheet of insulating material of small heat capaoity, not varnished 
on to a-thick sheet of insulator as in the “ brass-collar ” thermopile previously 

• described. By such means a more rapid response to heat liberated by the 
mnscle, and a higher sensitivity, may be secured. 

(4) The cold junctions should be rather distant from the hot ones and in the 




Via. 2.***“ All-metal" thermopile, for a pair of frog's sartorial muscles.—Centre, front view; right, 
^rideriew; left, enlarged front and side views of silver frame. Scale refers to oantre and right onfr. 
®»volouiite carrier ; o, braes terminals to eloctrodes; c, copper terminals to thermopile; d, bnn 
ta|^e admitting matole connection; e, glass tube carrying electrode leads; /, glass tube carrying 
thermopile bads; p, robber stopper; A, glass cover; f, brass carnage; j, silver frame; A, magda; 
h thermopile; m, electrodes; a, muscle clamp; o> brass carnage; p, screw; g, tufaaaftte rod; 
r f brass rodrand nuts; #, “ Elo*' bashes j f* hot Junctions; u, ocSd Junctions; % wire windings; 
w, gas extt-iqpe; a^gas inlet-pipe. ^ 
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immediate neighbourhood of a good heat oonduotor and of a large heat capacity, 
in order to ensure that they do not rapidly warm up aa the result of heat 
conducted along the thermo-elements from the qiusde on the hot junctions. 
Otherwise the sensitivity is diminished, especially in respect of a prolonged 
heat-production, not so much by cooling of the hot junctions as by warming 
of the cold Ones. 

These principles have led to the construction of the thermopile shown in 
fig. 2. As far as possible the carriage and supports of the thermopile are of 
brass, including the tube holding it and connecting it to the outside. The 
thermopile is wound on a thinly insulated silver frame, silver being the best 
heat-oonductor practically available. This silver frame is mounted on four 
brass rods, which are fixed to the carriage through thin inwnlatiwg bushes. 
The silver frame and the brass carriage and tube, indeed all metal surface* 
.inside the muscle ohamber, are coated with several layers of “ Bio ” varnish, 
iffhis material, a British equivalent of “ Bakelite,” manufactured by Messrs. 
Birkby of Liversedge, Yorks, is an artificial resin soluble in alcohol or acetone. 
It requires heat treatment for some hours at 120° C. after drying; this prooess 
renders it completely insoluble, and very resistant to moisture, as well as pro¬ 
viding a smooth and almost glass-hard surface. The insulation was applied 
with great oare ; an alcoholic solution was painted on and allowed to dry; 
the object was then placed in an oven and slowly wanned to 120° C. (too rapid 
warming spoils the surface by causing bubbles); it was left in. the oven for some 
hours, until the temperature had fallen to that of the room. Several coats 
were applied in this way, with heat-treatment after each. 

The silver frame, in addition, was fitted with a strip of thin hard paper round 
its outside vertical edges, to take the pressure of the wires whioh otherwise 
may cut through the insulation. This paper was coated with varnish, and 
heat-treated, making a thin hut very strong layer of insulator between the 
wires and the silver frame. Since the carriage had to be baked the bushes 
could not be made of vulcanite : heat-treated “ Elo ” was employed. These 
bushes were inserted to ensure complete electrical insulation between the 
thermopile and the carriage, the latter being in electrical contact, through the 
brass tube, with the water-bath. 

The thermopile itself was made by electroplating oonstantan wire, of diameter 
0 ■ 152 mm. The wire was wound tightly, and as olosdy as possible, round the 
silver frame from end to end; the hot junctions were arranged to be on both 
faces down the middle, while the cold junctions were on the outside vertioal 
edges. The wires after winding and electroplating were coated with " Elo '* 

vol. cm.—B. M 
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vanish and heat-treated, the p r ooeee bong repeated several times, until the 
layer of wires gave the impression of bong imbedded in a thin solid ahntti 
glass. After one or two ooats, the space inside the frame is completely cot off 
from the outside by a layer of wires and varnish. If the temperature were 
now raised to 120° C„ the pressure inside would increase by nearly half an 
atmosphere, which might bulge the wires and crack the insulator. To avoid 
this contingency a narrow hole was drilled in the silver, to allow the entrance 
and exit of air, this hole being plugged ultimately with shellac. After the 
thermopile was completed the four brass rods were screwed into it, and it waa 
bolted to the carriage, which had already been well insulated with “ Elo ” 
varnish. The whole instrument was then varnished once again and heat- 
treated, after which it was ready for connecting up in the manner shown in 
fig. 2. 

The use of a silver frame in this way must go far to ensure equality of tempera-* 
' ture at different points of the thermopile ; it is difficult to imagine a tempera¬ 
ture gradient of appreciable magnitude in such a good conductor aa silver. 
The “ Elo ” bushes,are, of oottrae, poor conductors of heat, but they are very 
thin, and apart from than the silver frame is in good thermal contact with the 
carriage and through that with the water in the thermostat. Thus temperature 
equalisation is relatively rapid. The layer of wires and insulator in the neigh¬ 
bourhood of the hot junctions is very thin and of almost negligible heat 
oapacity; thus the response to a rise of temperature in the muscle is rapid, 
and the sensitivity is high. On the other hand, the cold junctions are in close 
thermal contact with, though insulated electrically from, a relatively large 
block of silver: thus they should remain cool in spite of heat conducted to 
them from the muscle along the wires. The glass cover was made as narrow as 
possible, to keep the gas spaoe small and to quicken conduction between 
thermopile and thermostat. 

After the insulation with “ Elo ” was oomplete, and the thermopile mounted 
and connected up, it remained to insulate the leads and to make everything 
as solid and as water-tight as possible. For this purpose the thermopile itself 
was touohed up with an alcoholic solution of shellao, while the leads wen 
embedded and the electrodes held fast in Ghatterton compound melted on with 
a very small gas jet (about 1$ mm. long) coming from a fine glass tube. To 
complete the insulation the whole instrument was then dipped in molten paraffin 
wax (melting point 40° C.), mixed with white beeswax; the same wax was 
painted thickly over the cold junctions to act as a further heat-capaoity, and 
to shield them frofh draughts of air, and also over all parts when further 
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pr ote ction seemed desirable. Its surface was then molted with the fine gas 
jet, to ensure continuity and smoothness, and the wax was cleaned off the 
electrodes. Over the hot junctions the layer of paraffin wax was kept exceed¬ 
ingly thin, but it was very carefully made continuous and amootjh, with the 
small gas jet, before almost every experiment. If this precaution be neglected 
for several days galvanic effects may become apparent. The use of paraffin 
wax in this way, on top of “ Elo ” varnish, provided that care be exercised 
in melting it on in a thin but continuous layer, seems to render the thermopile 
completely unaffected by moisture, and immune to galvanic disturbances; 
immersion for many hours in Ringer’s solution has no harmful effect, and the 
instrument can be trusted to read the resting heat-rate of the muscle with 
accuracy. That no electrical leaks occur oan be shown by connecting an 
accumulator to the two electrodes and allowing a direct current to ran through 
a dead muscle lying on the thermopile. No deflection of the galvanometer is 
^seen, apart from that due to the heating effect of the current. 

The electrodes were of silver wire, the lower one (in the figure) pnrrng 
between the muscles at their attachment to the bone at the pelvic end, the 
upper one lying round them, and pulling them together slightly in order to ensure 
a good oontact with the thermopile. The muscle passed over the silver frame 
at eaoh end, in close contact with it apart from a thin layer of insulator; by 
this means heat produced in parts of the thermopile not actually in oontaot 
with the hot junctions must be largely deflected, thereby eliminating any 
possible small error due to the fact that in calibration the laet few millimetres 
of the muscle (beyond the upper electrode) were not heated. 

The muscle clamp is of the usual type, holding the bone at the pelvio end. 
The gas inlet pipe is supplied with a rubber tube (not shown) ending in a gl*— 
jet at the bottom of the chamber. The gas exit pipe surrounds the inlet pipe 
and is cut short just below the stopper. When the upper ends of the muscles 
are just covered the chamber holds about 100 c.o. of Ringer. There are about 
100 thermocouples in the thermopile. 


E. — Calibration. 

For purposes of calibration, and for making control curves, an alternating 
current is required. There being no A.C. supply in the laboratory at University 
College (as there is at Cambridge) a valve-generator was employed, giving what 
ie stated by the Cambridge Instrument Company to be a fairly pure sine-wave" 
currant. This was used with a frequency of 200 to 000 cycles per seoond. 

m 2 
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It «u pasted, as usual, through the dead muscle, at the end of aa experiment, 
by the electrodes shown in fig. 2. Its strength was measured by allowing it 
to flow through an extremely fine insulated resistance-wire, wound noh- 
indactively round the hot junctions of a sensitive thermopile, the hot wire 
bring in series with the muscle. Sartonus muscles only were employed, being 
sufficiently uniform in cross-section to give practically a uniform rise of 
temperature under the influence of the warming current. 

The muscle was killed by a minute or two of severe over-stimulation (“ elec¬ 
trocution ”) with an induction ooil. The strong ourrents used produce enough 
heat in the muscle to make it necessary to wait 30 to 40 minutes for the tempera¬ 
ture to settle down completely again. This method is far preferable to killing 
by chloroform; chloroform is apt to harm the insulation of the thermopile 
'(especially if this be a coating of paraffin wax), it may remain in traces in the 
insulation and injure the muscle in subsequent experiments, and often it leaves 
the muscle rigid and somewhat altered in form and position on the thermopile. 
For exact oontrols the possibility of this last error is serious, and it does not 
exist in the case of muscles killed by “ electrocution," and calibrated not too 
long afterwards. 

Calibration was oonducted as follows for the two oases (a) of “ deflection,” 
and (6) of “ area." In the former it was denied to express 1 mm. maximum 
deflection on the scale, representing the " initial" heat, in gr&m-ceutimetrea 
of energy; in the latter case to express 1 mm. permanent deflection on the 
scale, under the influence of a constant wanning current, in gram-centimetres 
per minute. Of all methods hitherto employed for calibration, the present is 
probably the most convenient and accurate. 

(a) “ Deflection ” Calibration .—Switch S (1) (fig. 3) was turned to connect the 
valve generator V to the apparatus. Keys K x and K, on a Lucas revolving 
contact-breaker (see Parkinson (5)) were adjusted to any suitable interval t, and 
closed in order. Switch S (2) was connected to the muscle electrodes and 
switch 8 (3) to the muscle thermopile MT. On releasing the drum of the 
contact-breaker the alternating current was allowed to pass for time t through 
the muscle and the hot wire in series, and a deflection U was obtained on the 
galvanometer connected to the muscle thermopile. Switch 8(3) was then 
oonneote<^ to the hot-wire thermopile HT, everything else remaining 
unchanged;*and the prooess repeated, a deflection H being obtained on the 
galvanometer. Switch S (2) was next connected to the resistance box and the 
current passed again, the resistance being varied in successive observations' 
until the same deflection H was obtained for the hot yrire: the resistance R 
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in the box wu then equal to that of the muscle. The prooesa was repeated 
two or three times, to obtain accurate mean values of M, H and R. 



Fxo. 8.—Connection* oI thermopile, for calibration with alternating current, MT, muscle 
thermopile carrying muscle; HT, hot-wire thermopile carrying hot wire; R, adjust* 
able resistance box; K,, short-circuit key, and K,, in-cirouit key, of revolving 
oontaot-hreaker ; S (1), S (2), S (3), switches ; 0, galvanometer ; V, valve 
generator; A, accumulator. 


It was now necessary to calibrate the hot wire with a direct ourrent. Switch 
S (1) was turned to connect the apparatus with an accumulator A of 
measured e.m.f. e. Switch S (2) was connected to the resistance box, a known 
total resistance r being in the circuit (of this, 1000 <■> was permanently in the 
s mall box shown, which was placed there to protect the battery or valve 
generator when K 1 and E t were closed, and 1768 <■> was in the hot wire itself). 
Switch S (3) was turned to connect with the hot-wire thermopile HT. E x 
and K s were then dosed, and the constant current e/r allowed to pass for 
time t seoonds through the hot wire, causing a deflection h on the galvano¬ 
meter. This was read two or three times and a mean taken. The value of 
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1 deflection of the galvanometer, when connected to the mnade thermo¬ 
pile, oonld then be calculated from the formula 

1 mm. S5 x^X 1*019 X 10* gr. cm. 


Usually 1 mm. deflection represented about 0*3 gr. cm. 

(6) “ Area ” Calibration .—The whole procedure was similar, except that a 
weaker alternating current was used and allowed to flow continuously through 
muscle and hot wire. The galvanometer was read when connected (i) to the 
muscle thermopile MT, and (ii) to the hot-wire thermopile HT, with no current 
running. Switch S (1) was connected to the valve generator, switch 8(2) to 
the muscle, K a was dosed, E t left open. After 3 or 4 minutes the galvano¬ 
meter was read again, a constant deflection M being found when connected 
to the muscle thermopile and a constant deflection H when connected to the 
hot-wire thermopile. Switch S (2) was then joined to the resistance box, and 
the latter adjusted until the deflection of the galvanometer connected to the 
hot wire was again H : R; the resistance in the box was then the same as that 
of the muscle. 

Calibration with a direct current was similar. Switoh 8(1) was connected 
with an accumulator of e.m.f. e, switch S (2) with the resistance box, a total 
resistance r being introduced into the circuit. Switch S (3) was connected with 
the hot-wire thermopile. E t was then dosed, and the constant current allowed 
to run in the hot wire, causing in a minute or two a permanent deflection h. 
The value of 1 mm. permanent deflection of the galvanometer, when con¬ 
nected to the muscle thermopile, could then be calculated from the formula 


1 mm. 



1*019 X 10* gr. cm. per second. 


It is usually convenient to express rates of heat-production in gram centi¬ 
metres per minute, and to evaluate the area of the deflection-time ourve in 
“ millimetre-minutes.” If this be done the value of 1 “ millimetre-minute ” 
is given by the formula, 


1 mm. X min. = 5? x X 1*019 X 10* gr. cm. 


Usually 1 mm. X min. represented about 0*7 gr. om. 


F .—Gates Employed. 

Oxygen or carbon dioxide was run into the musde chamber from an aspirator, 
in which the gas stood over water at room temperature. Carbon dioxide was 
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prepared in a Kipp, care being taken to exclude oxygen in collecting it. Cylinder 
nitrogen vu employed, oontaining about 0-3 per oent. to 0*7 per cent, of 
oxygen, but before passing to the chamber it was forced through a porcelain 
filter candle immersed in a strong solution of sodium hydrosulphite (Na^ a O«) 
and soda in an aspirator (see Kautsky and Thiele (6)). The very fine bubbles 
of gas rising slowly through the liquid have their contained oxygen dissolved 
before they reach the surface; the gas then passed through four wash-bottles, 
two containing NaOH solution to dissolve H*8 or SO*, two containing 
water to saturate the gas with moisture. The purified damp nitrogen then 
flowed directly into the muscle chamber. Since nitrogen is slightly lighter 
than air, and so might gradually rise along the tube containing the thread 
connecting muscle to tension lever, and thus allow oxygen from the air to enter, 
it was thought advisable throughout all experiments under anaerobio conditions 
to maintain a very slow inflow of purified nitrogen. To hinder the diffusion 
of oxygen through the tubes carrying the nitrogen to the muscle chamber, 
rubber was replaced as far as possible by lead pipes. 

Analysis of the gas passing to the chamber, frequently repeated, invariably 
showed, with the Haldane apparatus, no measurable amount of oyxgen, cer¬ 
tainly less than 0*01 to 0*02 per cent. This method of obtaining an oxygen- 
free atmosphere in the muscle chamber is very convenient and effective. In 
order, in certain experiments, to make doubly sure of anaerobic conditions, the 
purified nitrogen was passed through a wash-bottle oontaining M/40 NaCN 
solution neutralised to pH 7 *0. This gives off traces of prussic acid vapour to 
the gas passing through it; if a muscle be stimulated in oxygen whioh has 
passed through the cyanide solution no recovery heat is observed, so with 
purified nitrogen, containing less than 0*02 per cent, of oxygen, with cyanide 
vapour added, we may reasonably assume completely anaerobio conditions. 

It is not advisable to employ hydrogen in place of nitrogen. Being so muoh 
lighter than air it is more likely to rise in the tube of the thermopile chamber 
and so allow oxygen to enter. More serious, however, is the fact that its heat 
conductivity is so much greater than that of air, oxygen or nitrogen that the 
behaviour of the thermopile is altered by its presence. In the case of a muscle 
in one of the other gases, nearly all the heat loss appears to be along the thermo¬ 
pile itself, and bo obeys simple rules. In hydrogen, however, the loss of heat 
is largely through the gas, whioh alters the calibration and introduces un¬ 
necessary disturbances. Oxygen and nitrogen have nearly the same heat 
conductivity; carbon dioxide has a lower one: trials showed, however, no 
appreciable difference between the calibration numbers in oxygen or nitrogen 
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on the one hand and in carbon dioxide on the other—presumably in either 
case the loss of heat through the gas is relatively so mmII that alterations in 
it have little effect. 

Owing to the relatively small amount of heat loss through the gas it is 
possible, without disturbance, to maintain a slow flow through the chamber 
throughout an experiment. This was necessary (a) when one gas had to replace 
another during a series of observations, e.g., when oxygen was introduced in 
order to allow recovery to go on After previous stimulation in nitrogen; 
(b) when a gas dissolved in the muscle (e.g., carbon dioxide) had continually 
to be swept away ; and (c) when it was required to maintain in the chamber an 
atmosphere of carbon dioxide or nitrogen completely unoontaminatod toy air 
The gas in such cases was allowed to pass slowly into the ohamber down a tube 
in the water bath ; it had previously been saturated with moisture at room 
temperature (1° or 2° below the bath) and must have attained almost complete 
saturation at the temperature of the muscle by bubbling through a shallow 
layer of Ringer’s solution at the bottom of the ohamber as it entered. In any 
case experience showed that a slow but sufficient rate of flow of the gas could 
be allowed, without causing any measurable disturbance. A more rapid flow 
produces considerable errors. 

G .—Phosphate Singer'a Solution. 

It has been found, by experience that the muscles employed (sartorii of 
Sana temp, or esc.) behave best and survive longest if, after dissection and 
mounting on the thermopile, they are soaked for some time, one to three hours, 
in Ringer’s solution before stimulation is begun. To ensure rapid temperature 
equilibration the Ringer was adjusted as closely as possible to the temperature 
of the bath, before being introduced into the muscle chamber. Then oxygen 
was slowly bubbled through it, partly to keep the muscle well oxygenated, partly 
to secure mixing and quicker attainment of a constant temperature in the 
ohamber. The experiments were all performed in gas, not in Ringer, so the 
latter was removed after a suitable period of immersion of the muscle, and 
replaced by nitrogen or oxygen as required. In 20 to 30 minutes after the 
removal of the Ringer the temperature conditions were usually sufficiently 
steady to allow the experiment to begin. 

Some trouble was experienced during the autumn in getting muscles to 
survive well on the thermopile. Recent work on the r61e of phosphates in 
muscle, especially the demonstration by Neugarten (7) of the improvement in 
performance resulting from the addition of inorganic phosphate to Ringer’s 
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flotation, suggested that the muscles might be caused to survive better if the 
Rutger’s solution contained phosphate. It was found empirically that an 
ordinary Ringer's solution, every 100 o.c. of which contained about 10 mgrs. 
of P in the form of sodium phosphate, adjusted to a pH of about 7 *2, gave the 
best results. It is advisable not to use too alkaline a solution of phosphate or 
the calcium will be precipitated ; and it is wise to add the phosphate freshly 
to the Ringer’s solution before use, for the same reason. Even at neutrality 
the calcium is precipitated from phosphate Ringer in a few davB. Considerable 
improvement has resultod from this use of phosphate, and it has been made a 
routine. A stock solution of sodium phosphate, adjusted to pH 7*2, was 
prepared, containing 600 mgrs. of P per 100 c.c.; 2 c.c. of this were added to 
100 c.c. of Ringer immediately before use. Experiments shortly to be pub¬ 
lished by Parkinson oonfirm and extend the conclusions of Neugorten in respeot 
of the beneficial effect of including phosphate in the Ringer. 

During the course of these experiments an investigation was started by 
Stella, which throws light on the improvement due to phosphate, and will 
shortly be published. Stella has shown, by studying the diffusion of inorganic 
phosphate into and out of frogs’ muscles, that the free inorganic phosphate in the 
resting muscle fibre is indiffusion equilibrium with a Ringer's solution containing 
phosphato to the extent of about 8 mgrs. per cent. P. If less phosphate than 
this be present in the Ringer some diffuses out; if more, then some diffuses in. 
The rest of the phosphates inside the muscle fibre are in a combined form, 
incapable of diffusing. Phosphagen (Eggleton and Eggleton (8)) and hexose 
phosphates make up a large part of this combined phosphorus, but probably 
not all. Presumably the free inorganic phosphate content of the living musole 
is adjusted to an optimum level, and if the concentration inside the fibre be 
allowed to fall by the use of a solution containing little or no phosphate, the 
condition of the surviving muscle depreciates more rapidly than under more 
normal conditions. The solution arrived at empirically aB the best agrees 
approximately with that which would be deduced from Stella’s diffusion 
experiments. 

H.— Other Experimental Details. 

(i) Muscles Employed. —In all coses a pair of sartorius muscles was used, 
from Rana esc. or Rana temp. These have the advantages (a) of being approxi¬ 
mately straight fibred and of uniform cross-section, and ( b ) of being thin 
enough to ensure (i) rapid temperature equilibration with the thermopile, and 
(ii) rapid diffusion of gases in or out. 

(ii) Stimulation. —For series of single break shocks uniformly spaced the 



186 


A. Y. HilL 


revolving cam contact-breaker described by Gerard, Hill and Zotterman (9) 
was used, driven at the required speed (20 to 40 shocks per minute) by a motor. 
A drum on which the twitches were recorded was driven bv the same motor. 
For a tetanus an ordinary Harvard coil was employed, the duration being 
determined by a Lucas revolving contact-breaker. The stimuli were always 
mav imal , but not supermaximal, and never so strong as to cause any appreciable 
heat-production in the dead muscle. 

(iii) Insulation. —To avoid possible disturbances due to electric leaks, All the 
apparatus was extremely carefully insulated from the ceiling, walls and floor 
by means of vulcanite and paraffin wax. Wires were held by paraffined 
string, and the tables were supported on vulcanite blooks. The observer stood 
on a wooden platform insulated from the floor by vulcanite. 

(iv) Mechanical Response. —The tension-lever, placed immediately above the 
muscle chamber, was a light one mounted on a Palmer stand. It gave 1 mm. 
deflection for 3*67 grams., and had a short period. It was connected to the 
muscle by a thick linen thread. The initial tension was adjusted by trial in 
most cases to give the greatest response to a single shock (see A. V. Hill (4)); 
it was of the order of a few grams. 

(v) Control. —An adjustable potential divider with a reversing key was 
employed, when necessary, to supply a small current in the galvanometer 
circuit m order to adjust the spot of light to a suitable position on the scale. 
A special resistance box with copper terminals and manganin coils was used, 
by which any required resistance could be introduced into the galvanometer 
circuit; and another suitable box, also with copper terminals and manganin 
coils, could be employed when required as a shunt. No detectable e.m.f. was 
present in the circuit, other than in the thermopile, as was shown by the fact 
that reversing the current from the latter exactly reversed the deflection of the 
galvanometer. 

Summary. 

Improvements in myothermic apparatus have made it possible to measure, 
with relative accuracy, in the sartorius of the frog or any si milar muscle, not 
only the heat suddenly produced by a single stimulus, but that liberated over 
long intervals at rest, or in recovery, or as the result of prolonged discontinuous 
stimulation. The essential factors are: — 

(a) A moving-coil galvanometer of high sensitivity and short period. 

(b) A method of measuring total heat from the area of the deflection-time 

cprve. 
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( 0 ) A thermostat in which the temperature is maintained constant within 
0*001° C. for long periods. 

(d) An “ all-metal ” thermopile, which responds quickly, settles down rapidly, 
and is very completely insulated. 

Other details are described, including 

(e) Ail improved method of calibration. 

(/) The preparation and use of the gases employed (N g , O t , and CO t ). 

(g) The advantage resulting from a Ringer’s solution containing phosphate 
(7 to 15 mgrs. per cent. P). 

The expenses of this research have been borne by grants from the Foulerton 
Fund of the Royal Sooiety. 
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The R6le of Oxidation in maintaining the Dynamic Equilibrium 

of the Muscle CM. 

By A. V. Hill, F.R.S. 

(Received May 8, 1928.) 

(From the Department of Physiology and Biochemistry, University College, London.) 

1 . Experimental. 

It is possible by the methods described in the preceding paper to determine 
directly, as a deflection on the galvanometer scale, the rate at which heat is 
being liberated by a muscle at rest on a thermopile. In all that follows this 
resting heat-rate will be expressed (unless otherwise stated) in grm.-ems. of 
energy per gramme of muscle per minute, the muscle being weighed, after 
removing adherent moisture by filter-paper, at the end of an experiment. 
These units can be converted to grm.-calories per gramme per minute by 
dividing by 42,400, or to grm.-calories per gramme per hour by dividing by 707. 
Absolute quantities of heat will be expressed in grm.-cms. per gramme of 
muscle: these can be reduced to grm.-calories per gramme of muscle by dividing 
by 42,400. 

In every case the sartorius muscles of a frog were used: Sana temporaria 
and R. esculenta were employed indiscriminately, no difference being found 
between them. After careful dissection the muscles were mounted on the 
thermopile and immersed for 1 to 3 hours in Ringer’s solution made with glass- 
diBtilled water, and containing sodium phosphate (pH 7 • 2,7 to 15 mgs. per cent. 
F, see preceding paper). In most cases oxygen was bubbled through the 
solution, to assist in temperature equalisation, to keep the muscle well 
oxygenated, and to allow it to recover from stimulation necessarily occurring 
during dissection. 

2. The Retting Heat-Rate of a Muscle in Oxygen. 

On removing the Ringer and replacing it by oxygen, only about 20 minutes 
are required far the temperature to settle down sufficiently for readings of the 
resting heat-rate to begin. Contrary to expectation, however, the heat-rate 
in oxygen of a muscle in good condition (as shown by subsequent capacity to 
respond to stimulation) is not constant, but continually diminishes (at a 
decreasing rate) over a long period. It may be several hours before an approxi¬ 
mately constant reading is attained. This is not due to oxidative recovery 
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from previous exertion, for it is readily shown that the extra heat-production 
following stimulation is complete in 20 minutes or so. If, during this phase of 
diminishing heat-rate in oxygen, the muscle be given a tetanus or a series of 
shocks, and then allowed to recover, tfye resting heat-rate will usually be found 
to have returned to a lower value than obtained before stimulation ; indeed, 
if anything, stimulation followed by recovery tends to quicken the fall to a 
constant level. The following examples illustrate this point, which will be 
seen later to be important. 

Table I.—Resting Heat-rate in Oxygen: Effect of Stimulation and 

Recovery. 

Experiment of 2.1.28.—10*2° C. Dissooted 10.45 a.m. In oxygenated phosphate-Ringer at 
11.15 a.m. At 11.25 a.m. 44 twitches and at 12.7 p.m. 50 twitches, when the Ringer’s 
solution was replaoed by oxygen At 1.11 p.m. resting heat-rate 218 : 31 shooks given, 
liberating total heat (initial -f recovery) 6350: at 1.37 pm. resting heat-rate 187 : 
31 shocks given, total heat 6350 : at 2.3 p.m. resting heat-rate 148 . 

Experiment of 22.2.28.—15 0° C. Ringer replaced by 0 a at 11.28 a.m. At 12 30 p.m. resting 
heat-rate 164 : 62 shocks and 33 minutes’ recovery, resting heat-rate 136 : 62 shocks 
and 40 minutes' recovery, resting heat-rate 115. 

Experiment of 20.2.28.—15*2° 0. Ringer replaced by 0 a at 10.53 a.m. At 11.13 a.m. resting 
heat-ratq 353 : 62 shocks and 27 minutes 1 recovery, resting heat-rate 292. 

Experiment of 13.1.28.—18-8° C. Muscle in oxygenated Ringer 45 minutes, then m oxygen. 
After 35 minutes, resting heat-rate 43 mm. on scale (no calibration): 0 75 sec. maximal 
tetanus and 17 minutes' recovery, resting heat-rate 40 mm.: 0-75 see. tetanus and 
18 minutes 1 recovery, resting heat-rate 35 mm : 0-75 sec. tetanus and 17 minutes 
reoovery, resting heat-rate 31 mm. 

The absolute value of the resting heat-rate in oxygen cannot be exactly 
specified, but an approximate number obtained as the mean of 8 observations 
on 8 good muscles, at an average temperature of 17*6° C. is 180. The actual 
readings were as follows:— 


13-2° 

.. 94 

19-2° 

.. 198 

15-2° 

.. 292 

20-6° 

.. 145 

15-6° 

.. 115 

20-5° 

.. 190 

16-2° 

.. 148 

20-7° 

.. 242 


The variation is rather wide, and it is possible that slight injury inevitable to 
separation from the animal and mounting on the thermopile, however carefully 
the procedure be carried out, may have increased the metabolism somewhat, 
more in some cases, less in others. Values of 160 at 20° C. and 100 at 15° C. 
would seem reasonable minima. Assuming that this heat comes from the 
oxidation of glycogen, or similar material, in whioh case we may calculate that 
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1 gnn.-om. ojtenergy§et free is the equivalent of 4*09 X 10“ a o.o. of oxygen 
used, them/<quantities of heat correspond to the following oxygen consump¬ 
tions It/ 

15° C.0-0QM6 c.c. per gramme per minute. 

20° C. 0-00078 c.c. „ „ 

* 

According to Meyerhof and Schulz ((1), p. 669), the oxygen consumption of a 
resting muscle at 16° C. lies between 16 and 36 cubic mm. per gramme per 
hour— i.e., between0-00026 and0-0006 c.c. per gramme per minute. The value 
calculated above for 16° C. lies well within their limits. According to 
Gerard (2), the oxygen consumption of frogs’ nerves averages at 14° C. about 
0-00036 c.c. per gramme per minute, rather less, but still of the same order of 
size. It is clear that in muscle the resting heat-rate in oxygen is sufficiently 
accounted for by oxidation. 

These experiments on the resting heat-rate in oxygen are, in and for them¬ 
selves, of no great interest. They are, however, essential in the discussion 
which follows of the resting heat-rate in the absence of oxygen. The reason for 
the gradual decrease in the heat-rate to a low constant level is not obvious: 
possibly, after removal from the animal, some substance previously supplied 
by the circulating blood, and accelerating oxidation, is gradually used up: 
possibly the change from normal to less normal conditions provokes at first 
an alteration in the impermeability of the muscle interfaces, analogous to that 
found to occur (see below) as the result of anaerobio stimulation, which is 
only gradually restored during prolonged survival in oxygen: possibly even 
slight injury, inevitable to separation from the animal, may produce changes 
which only gradually pass off in oxygen. There is no evidence at present 
as to the cause of this gradual fall in the “ metabolism ” of the resting muscle, 
bo it is useless to speculate further. The essential points for the later discussion 
are:— 

(i) That the resting heat-rate in oxygen is sufficiently accounted for by 
oxidation; and 

(ii) That survival in oxygen, and stimulation followed by recovery in 
oxygen, tend to decrease and certainly do not increase the resting heat- 
rate. 

3. The Minimum Beating Heat-Bate of a Muscle deprived of Oxygen. 

A muscle is placed on a thermopile and soaked for some time in oxygenated 
phosphate-Ringer, as described above, the Ringer being then replaced by 
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oxygen. After temperature equalisation has been reached the oxygen is 
replaced by pure nitrogen, and the resting heat-rate observed. At first there is 
no change from the value obtaining in oxygen: it takes IS minutes or more, 
depending on the thickness of the muscle and its temperature, for all its 
contained oxygen to diffuse out, or to be used in oxidation. Finally, however, 
a distinct change sets in, the galvanometer deflection diminishing rather 
rapidly to about half its previous value. At this reduced value it remains 
constant for a long time, with no sign of further decrease. This defleotion, reached 
after half an hour or so in pure nitrogen, is taken as giving the minimum resting 
heat-rate under anaerobic conditions. No stimulation beyond a few shocks is 
allowable, otherwise, as will be seen below, the observation will be vitiated. 
Twenty-one observations on 21 different muscles, of the minimum resting 
heat-rate in pure nitrogen (or nitrogen containing HCN vapour) gave the 
following results:— 


Temperature: °C. 

132 

16-2 

15 0 

17 2 

18 

18-3 

18 6 

18 7 

18 8 

10 

10 

Heat-rate 

20 

37 

55 

65 

85 

84 

107 

41 

60 

60 

44 

Temperature ° C. 

10 

10-2 

19 2 

20 

20 

20 3 

20- 

4 20 

5 20-5 

20-7 

Heat-rate 

40 

80 

r»7 

57 

123 

68 

07 

11 

1 

57 

61 


The numbers are somewhat variable, as in the case of oxygen, probably for 
the same reason. Slight injury, inevitable to separation from the body, may 
have provoked irreversible changes of Borne kind, more in some cases, less in 
others. Values of 66 at 20° C. and 40 at 16° C. would seem reasonable minima. 
Now it is commonly assumed that an isolated muscle, or other tissue, suddenly 
deprived of oxygen continues its breakdown unchanged, merely fading to 
complete its cycle by the oxidative removal, or restoration, of the products of 
its metabolism. The primary metabolic process m muscle is the formation of 
lactic acid, and if oxygen be available the lactic acid formed is restored as 
glycogen, the energy for this endothermic process coming from independent 
oxidation; if oxidation be not possible, the lactic acid merely accumulates, 
its rate of formation being, at any rate at first, unchanged. 

The evidence for this view is strong; it is the basis of all the extremely 
important work of Warburg on the metabolism of tumour tissue (3), and in one 
form or another of much of the work of Meyerhof and the present writer on the 
energy exchanges of muscle. If we adopt it we should regard the minimum 
resting heat-rate in nitrogen as representing the anaerobic part of a cycle, of 
which the final resting heat-rate in oxygen represents the whole. The ratio of 
the latter to the former, using the 16° C. figures given above, is 100 : 40, 
i.e., 2*5:1; in muscle, according to the latest determination of Furusawa and 
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Hartree ((4), p. 208), the total oxidative heat bean to the total anaerobic 
heat due to stimulation a ratio of 2 ■ 60:1 • 12, i.e., of 2*23:1. The similarity 
of these two ratios makes it clear that the minimum resting heat-rate under 
anaarobic conditions can be sufficiently accounted for on the hypothesis that 
it represents the anaerobic part of the breakdown of which the resting heat-rate 
in oxygen represents the whole cycle. 

If the minimum resting heat-rate in nitrogen be due to lactic acid formation, 
we may calculate the lactic acid from the heat. According to Meyerhof's 

I 

latest statement ((0), p. 106), the formation of 1 gramme of lactic acid in muscle 
is accompanied by the liberation of 380 to 390 calories. Taking 386,1 gramme 
of lactio acid would be equivalent to 1*63 X 10 T grm.-oms. of energy, or 
1 grm.-cm. to 6*14 X 10~ s gramme of lactio acid. Thus an anaerobic resting 
heat-rate of 40 at 16° C. would correspond to 2*46 x 10~* gramme of lactic 
acid per gramme per minute, or of 0*0147 per cent, per hour. At this rate it 
would take over 34 hours to attain the 0*6 per cent, of lactic acid typical of 
rigor. 

4. The Increment produced by Stimulation in the Anaerobic Resting Heat-Rate. 

If a muscle showing a normal resting heat-rate in nitrogen be stimulated 
by a maximal (but not super-maximal) tetanus, or by a succession of maximal 
shocks, the galvanometer, after its usual excursion recording the heat liberated 
in activity, returns, not to its previous position but to a new one, showing an 
enhanced resting heat-rate. So long as it remains in nitrogen this increase in 
the resting heat-rate is maintained: one may continue observation indefinitely, 
but the galvanometer never returns to its original position. Fig. 1 (top 
record) shows the isometric response to 183 maximal break shocks delivered 



Fio. 1.—Experiment of 30.12.27. Top, Series 1,183 maximal break-shocks in nitrogen, 
isometric record. Bottom, left, after recovery, Series n, 90 maximal break-shocks 
in oxygen. Bottom, right, after recovery, Series III, 80 maxi m a l break-shocks In 
oxygen. Bead from left to right. For Series II and Ill, see 8eotkn> 10 below. 
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in nitrogen at 13 ■ 2° C. at intervals of 3 seconds: fig. 2 shows the galvanometer 
deflection resulting from the stimulation. In the latter, every observation 
made on the scale is plotted, and the total heat can be calculated, as described 
in the previous paper, from the area of the deflection-time curve. 

It will be seen that the curve reaches a maximum at, or near, the moment 
when the mechanical response is a maximum, and then declines as fatigue comes 
on: at the end of 6 minutes, when stimulation finished, the curve falls rapidly, 
and in 5 or 6 minutes the deflection becomes constant again, but at a new level 
which is maintained indefinitely thereafter ; the final displacement from the 
original position (not the galvanometer-zero) being 22 mm. on the scale 
represents an increment in the resting heat-rate of 119. The original heat- 
rate was only 26, the muscle being in very good condition and at rather a low 
temperature: thus as the result of 183 maximal twitches the resting heat-rate 
has been increased more than five, times . 

In such a case as this the base-line from which the heat due to activity is to 
be reckoned obviously needs consideration. It has been assumed in all that 
follows that the base-line changes uniformly during stimulation : a horizontal 
line is drawn backwards through the final level reached, till it cuts the vertical 
line representing the end of the stimulus : the point so obtained is then joined 
by a straight line to the origin representing the commencement of stimulation. 
The broken line so drawn is regarded as the base from which to measure the 
area of the deflection-time curve. In the case shown in fig. 2, the area is 



Flo. 2.—Experiment of 30.12.27. Heat record in nitrogen of Series I, fig. 1. Actual 
observations on galvanometer soale. Fot base line, see text. Note: the horizontal 
Axis represents the initial resting heat-rate, not the galvanometer-zero. 
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2,890 mm.-min.utes, which, from the calibration, is calculated to be 10,200 


gnm-cms. per gramme of muscle. It will be seen from fig. 2 how smooth a 
deflection-time curve is obtained, and how accurately its area, and therefore 
the heat, can be calculated. Fig. 2 is typical of all the experiments made. 

The process can be repeated several times until the muscle is exhausted. 
In fig. 3 the heat produced by stimulation is omitted from the diagram, but given 



Fid. 3.—Resting heat-rate in cyanide-nitrogen, of mmole stimulated aa shown. Experi¬ 
ment of 8.2.28 at 18*3° 0. 


numerically. The initial heat-rate in nitrogen was 86 :64 maximal shocks, 
liberating total heat 7,830, increased it to 181 : then 98 maximal shocks, 
liberating heat 12,200, raised it to 287 : finally a further 98 shocks producing 
heat 8,000 and almost complete fatigue, brought it to 381. After that the 
muscle was left for a further six hours, during which the resting heat-rate 
increased at first somewhat, and then remained more or less constant. The 
total heat produced by stimulation was 29,100 (0*686 cal. per gramme), while 
the total heat due to the resting heat-rate was as follows:— 

Up to the end of stimulation.. 12,200 

From then to the end of the 

2nd hour. 20,000 

2nd to 3rd hour .. 28,000 

3rd to 8th hour .. 150,000 


Total 


.. 210,700 (4*97 cals, per gramme.) 




Hours I 2 3 4 5 6 7 a 

Fig. 4. —Rest] g heat-rate in cyamde-mtrogen, of muscle stimulated, and “ electrocuted " 
as shown. Experunont of 26.1.28 at 10-2° C. 

for a time owing to the temperature disturbance produced by the strong tetanus 
necessary. After the “ electrocution ” the resting heat-rate went on increasing 
steadily, and was still rising at 8 hours. The total heat produoed by stimulation 
was 27,000 (0 ■ 637 cal. per gramme), while the total heat due to the resting heat* 
rate was as follows : — 


Up to the end of stimulation . 

16,440 

3rd hour . 

18,500 

4th hour . 

20,000 

5th hour 

21,500 

6th hour 

23,500 

7th hour 

26,000 

8th hour 

28,000 

Total 

153,940 (3*63 cals, per gramme.) 


Experiments of this kind have been repeated many times, and the 
phenomenon always recurs. The greater the amount of heat liberated by 
stimulation, the greater the increment of the resting heat-rate. There is, in 
fact, a linear relation between the two quantities. If the resting heat-rate be 
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plotted against the total heat liberated by stimulation, a good straight line is 
obtained, as shown in fig. 5. The two upper lines in the figure represent the 



Fro. 5.—Linear relation between anaerobic resting beat-rate and total heat liberated by 
stimulation in successive series of twitches: three different experiments, (s) 6.2.28 
at 18-3° C. in cyanide-nitrogen; (6) 26.1-28 at lfl*2° C, ditto; (e) 20.12.27 at 15*2° C. 
in nitrogen. 


experiments of figs. 3 and 4 respectively (the last point of each was interpolated 
from a more distant point to keep it within the diagram). The slope of the 
line is greater, in general, the higher be the temperature (seo below), though 
individual variations of slope occur. The experiments of fig. 5 were made 
with successive series of separate break-shocks, in the manner described in 
referring to figs. 1 and 2 above, The same phenomenon occurs, as might be 
expected, when tetanic stimuli are used (see fig. 6, which gives as exact a linear 
relation as could be desired). Thus the incremefU in anaerobic resting heat-rate 
1 8 directly proportional to the total heat produced by stimulation. 

The constant factor of this proportion has been determined in a large number 
of experiments at various temperatures. It will be shown below that the 
anaerobic resting heat-rate has a large temperature coefficient, of the order of 
2 ■ 7 for 10° C. Applying this coefficient, the factor has been “ reduced ” to 
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20° C. The procedure was as follows: the heat-rate observed, after various 
degrees of anaerobic stimulation, in any given experiment, was plotted against 



Fin. 8.—Linear relation between anaerobic resting heat-rate and total heat liberated by a 
succession of tetanic stimuli at 10-minute intervals. Experiment of 16.1.28 at 
18° C. Tetanus duration in seconds. 

the total heat liberated by the stimulus. The slope of the line gave the factor 
K required in the formula 

(Increment in heat-rate) = K X (Total heat by stimulation) 
grm.-ems. per gramme per minute. grin.-eras, per gramme. 

Of 23 determinations made in 23 different experiments, one only was 
eliminated as giving an abnormally high result: the rest, after “ reduction ” 
to 20° 0., gave a mean value of K = 0*0122, with an average variation from the 
mean of 0*0024. These experiments are complex and lengthy; each takes a 
whole day to complete and several hours to calculate, and involves many 
delicate measurements and adjustments: the muscles used are variable and 
sometimes unreliable. In view of this, the fact that in 23 experiments, dis¬ 
carding only one, the average variation of a single reading of K is only 20 per 
cent, of the mean value is surely a sign that in the above relation we have an 
expression of some very constant characteristic of muscle tissue. 

The results described are novel and somewhat astonishing. Before proceed¬ 
ing further, therefore, it is desirable to examine, as critically as possible, the 
experiments on which they are based. The phenomenon was first observed 
when employing cylinder nitrogen, which was found to contain 0*7 per cent, of 
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oxygen. It seemed possible that this oxygen might allow an oxidative recovery 
process to occur for long periods after stimulation, which would account far the 
increment in heatwrate observed : the greater the amount of lactic acid formed 
by stimulation the more rapidly the recovery process might proceed. To 
eliminate this possibility purified nitrogen was employed (see preceding paper) 
containing less than 0*01 or 0-02 per cent, of oxygen. The phenomenon 
occurred exactly as before. 

It still seemed conceivable that even the traces of oxygen remaining might 
produce the effect. It can, indeed, be calculated that at a pressure of 0*02 per 
cent, of an atmosphere oxygen cannot diffuse more than a few thousandths of 
a millimetre into a muscle at a speed great enough to account for the heat-rate 
observed: nevertheless lactic acid might diffuse up to meet it from distant 
points, and oxidation might occur in the surface layer of the muscle: this 
oxidation would proceed at a rate proportional to the speed of diffusion 
outwards of the lactic acid, which would be proportional to its concentration, 
so that a linear relation between heat-rate and lactic acid formed might 
obtain. 

To eliminate this remaining possibility, cyanide vapour was employed, 
the nitrogen (see preceding paper) being bubbled through a neutral solution 
of sodium cyanide before admission to the muscle chamber. In order 
to make sure that the cyanide vapour employed does, in fact, prevent 
oxidative recovery, various observations have been made on muscles in 
oxygen treated with cyanide in precisely the same way as the nitrogen in the 
preceding experiments. No trace of recovery heat has been observed. 

In one experiment, in a series of twitches, the total heat (for a given tension 
development) was found to be 2*07 times as great in oxygen as in oxygen- 
cyanide : in another experiment 2*12 times as great: the ratio is the same 
as for oxygen and nitrogen respectively. Moreover, the galvanometer deflec¬ 
tion in cyanide-oxygen follows precisely the same course as in pure nitrogen, 
returning to zero in 3 or 4 minutes; whereas, in pure oxygen, the recovery 
heat maintains the deflection for a muoh longer period. If, therefore, the 
presence of cyanide so completely eliminates oxidative recovery, even in 
oxygen, it seems inconceivable that in cyanide-nitrogen mere traces of oxygen 
could exert any perceptible effect. The phenomenon, however, persisted 
unchanged in the purest nitrogen containing cyanide: indeed, most of the 
experiments described above have been made under such conditions. We 
may safely conclude, therefore, that the increment of heat-rate after stimulation 
is not due in any way to oxidation. 
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Could it be caused by any physical defect of the instruments employed 1 
Might the increasing acidity of the muscle due to stimulation somehow exert 
a galvanic effect upon the wires of the thermopile, penetrating their insulation, 
and so produce a deflection proportional to the change of hydrogen ion 
concentration ? 

This possibility was examined in various ways. The muscles were 
made more acid by filling the thermopile chamber with pure carbon 
dioxide: in general (see below) the deflection was decreased, and not 
increased, as a result. A 2-volt accumulator was connected directly to the 
electrodes : no electric leak was observed, the only effect being that due to a 
gradual heating of the muscle by the current. Finally (sec below) the tempera¬ 
ture of tho thermostat containing the thermopile-chamber and muscle was 
lowered from 20° 0. to 0° C. A large permanent deflection previously produced 
by stimulation was reduced 7 to 8 times, but re-appeared when the system 
was warmed up again. It is very unlikely that any physical disturbance could 
be so largely affected by a change of temperature, whereas if the increment 
in heat-rate be due to chemical reactions proceeding within the muscle, we 
should expect to find just such an effect. 

It is clear, therefore, that the phenomenon is not due t-o any physical defect 
in the thermopile. 

Could it be due to injury of the muscle caused by oxccssivc stimuli 1 It is 
well known, since the work of Meyerhof and Lohmann (6), that stimulation 
by too strong a current may cause an after-production of lactic acid, and 
Furusawa and Hartree (4) proved that too powerful a tetanus may cause a 
prolonged liberation of heat in a muscle under anaerobic conditions. Moreover, 
the present experiments have shown that “ electrocution ” is a very convenient 
way of killing a muscle, and that after “ electrocution ” (even of an inexoitablo 
muscle) there may be a large increment in the resting heat-rate. The best 
answer to this objection is the fact, described above, that the same identical 
stimuli, applied to a muscle in oxygen, cause rather a decrease than an increase 
in the resting heat-rate. Moreover, the increment in resting heat-rate 
produced by not too long anaerobic stimulation may be reversed, as will be 
shown below, by subsequent recovery in oxygen. It seems unlikely that 
injury produced by excessive stimuli could be so reversed. Finally, it will be 
shown later that prolonged anaerobic survival, without stimulation, produces 
exactly the same effect. We may conclude, therefore, that the phenomenon is 
not due to injury caused by the.stimuli employed. We must regard it as a 
genuine effect, due to properties of the muscle itself. 
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6. The Effect of “ Electrocution ” on the Anaerobic Betting Heat-Baie. 

Ab pointed out in the preceding paper, “ electrocution " by excessively Btrong 
induction currents is a much more convenient way of killing the muscle for 
calibration purposes than the use of chloroform. It has been found that the 
maximum anaerobic resting heat-rate attainable after ordinary stimulation can 
be considerably surpassed as the result of “ electrocution.” For example, the 
heat-rate in a muscle at 18*8° C. tetanised to an advanced stage of fatigue in 
cyanide-nitrogen was 345, but two hours after “ electrocution ” it was 785. 
Again, in an exhausted muscle in cyanide-nitrogen at 18-6° C. it was 670, 
whereas after “ electrocution ” it was 840. In a muscle nearly inexcitable at , 
20-0° C. it was 218 : after “ electrocution ” it was 747. The five highest 
values ever found in an “ electrocuted ” muscle were 840, 840, 890, 1060 and 
1176, all in the neighbourhood of 19° or 20° C. The five highest values in a 
muscle stimulated to complete exhaustion, but not “ electrocuted,” were 417, 
468, 482, 670 and 752, at the same temperature. Such values are not a passing 
phenomenon, but may be maintained for several, often for many, hours—indeed, 
in the exhausted muscle the heat-rate tends to increase. The cause of the high 
values produced by “ electrocution ” will be discussed below. 


6. Absolute Values and their Consequence. 

A heat-rate of 1000 means 60,000grm.-ems. of energy (or 1 -42 calorie) liberated 
per gramme per hour. If this were duo to lactic acid formation there would be 
1 -42 

X 100, i.e., about 0*37 per cent, of lactic acid formed per hour, or not far 

short of the lactic acid maximum. Such a heat-rate may last for many hours, 
so that it cannot be due to lactic acid formation. In the experiment shown in 
fig. 3, the total heat in 8 hours due to the anaerobic resting heat-rate was 4*97 
calories per gramme, while in the experiment of fig. 4, in the same time, it 
was 3'63 : these would correspond to 1*29 and 0*94 per cent, respectively of 
lactic acid, unheard-of values. It will be seen, moreover, that the heat-rate at 
8 hours Bhows no signs of falling off: it would, in fact, continue for many 
hours at the same level. The following experiment may be quoted:— 


24.2.28. 

18° C. in N„ } hour in N K , heat-rat** 

64) 


8 tetam, heat 12,000 „ 

320 


Kleotroouted. 1 hour later „ . . . 

755 


24 hours after electrocution 

840 

25.2.28. 

17 -2* C.—19 hours after electrocution, heat-rate 

705 


22 ,, „ , f »• 

670 


24 it II 99 9 ** 

045 

26.2.28. 

15*0° C.—44 fl ft 

425 

27.2.28. 

IV C.—68 „ M 

525 


Daring the whole of this experiment purified nitrogen was running slowly through the 
chamber: at the end the musolo had a very slight “ fishy " smell. 
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In this experiment, in 68 hours about 55 calories per gramme of muscle were 
liberated as a result of the resting heat-rate. During the major portion of it 
the muscle was inexcitable. Too much attention need not be paid to the 
absolute value, since undoubtedly bacterial processes were at work in the end. 
There is no reason, however, to suppose that bacterial decomposition of any 
appreciable extent occurred during the first 24 hours; a muscle in oxygen may 
remain normally active for considerably longer than that: yet during 24 hours 
nearly half the heat was liberated—15 times as much as could possibly be 
accounted for by lactic acid formation. It is clear, therefore, that the increment 
produced by stimulation, or by “ electrocution,” in the anaerobic reding heat-rate 
is not due simply, or mainly, to an enhanced formation of lactic add; it must 
be attributed to anaerobic reactions possessing much more energy than that. 

7. The Increment in Resting Heat-Rate due to Anaerobic Survival without 

Stimulation. 

If the increment in resting heat-rate be caused either by lactic acid formation 
or by increasing oxygen want, or by some other accompaniment of activity, 
we might reasonably expect prolonged survival at rest without oxygen to have 
the same effect; there is strong reason to believe that the energy exchanges of 
activity and of resting survival are derived from the same source. The 
experiment illustrated in fig. 7 shows that this is, in fact, the case. A muscle 



Fio. 7.—Increase of anaerobic resting heat-rate during prolonged survival without 
stimulation. Muscle in nitrogen at 19*2* 0. 
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left at rest without oxygen exhibits a gradual increase in its heat-rate, whioh 
ultimately reaches high values * The total heat in 25 hours amounted, in the 
above case, to 12*1 calories per gramme. The rate of increase is nearly 
uniform, notof the “ compound interest ” typo. If the breakdowns represented 
by the increased heat-rate themselves caused a further increment in the heat- 
rate, the curve would be of a different kind, as shown by the broken line. In 
calculating the latter, the formula given above has been employed— 

(Increment in heat-rate) = 0*0113 (total heat liberated), 


the factor K — 0*0113 being calculated for 19*2° C. 

Let y be the heat-rate and 6 the time in minutes, 
above equation, 

y = a constant + K (Vo. 
or, 

dy/dQ = K y, 

from which 

y = y& Kt > 


Jo, 


Then, according to the 


where y 0 is the initial value of y, and e is the base of the Napierian logarithms. 

Expressing time in hours instead of minutes, and introducing the numerical 
value of K, this becomes 

y = y 0 (i-97)‘. 


Assuming y 0 to be 80, this equation gives the broken line on the left of fig. 7. 

It clearly bears no relation to the actual observations. The same thing is 
shown by numerous other experiments: whereas an increment in total heat 
produced by stimulation is followed invariably by a corresponding increment 
in the resting heat-rate, there is no correspondence between the slow increase 
in heat-rate at rest and the total heat produced by enhanced resting 
processes. It is clear that the breakdowns underlying the increment in dnaerobie * 
resting heat-rate are quite different in their nature from those-— lactic acid 
formation, phosphagen changes, etc.— occurring in muscular activity. 

The heat-rate during the first 10 hours of the experiment of fig. 7 increases 
at the uniform rate of about 19 per hour, or 0 *32. per minute. If we suppose a 
uniform breakdown of glycogen, phosphagen, etc., and the resulting increase 


• It is of interest that in the experiment of fig. 7 the total anaerobic resting heat up to 
7 hoars was 1*4 calorie per gramme, at a stage when the muscle was still excitable. If this 
heat had come from lactic acid formation, the muscle would have been inexoitable long 
before. 
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in oxygen-want, to be responsible for this uniform increase in beat-rate, accord¬ 
ing to the formula:— 

(Increment in beat-rate) = 0*0113 (Heat produced by sucb breakdowns), 

we may calculate that these breakdowns are accompanied by a heat-rate of 
0*32/0*0113, of 28 grm.-cms. per gramme per minute. This is lqss than 
the minimum anaerobic resting beat-rate described and discussed above; it 
corresponds to only 0 * 0103 per cent, of lactic acid formed per hour. This would 
imply that the minimum resting beat-rate does not represent purely lactic acid 
formation, etc., but is still contaminated by a certain amount of beat liberated 
by other breakdown processes inevitably occurring in a dissected surviving 
muscle. This is possible. Among the values of the minimum resting heat- 
rate observed, some have been as low as 26 (13*2° C.), 37 (15*2° C.), 41 
(18*7° C.), 44 (19° C.), 45 (19° C.). while others have been as high as 123 (20° C.) 
and 107 (18*6 C.). It is conceivable that injury due to removal from the 
animal may always lead, to some extent, to an increase in the minimum resting 
heat-rate, in some cases more than others, and that the true minimum rate, 
corresponding to lactic acid formation, etc., alone may at 20° C. be more in 
the neighbourhood of 30. If so, the rate of rise of the curve in fig. 7 would be 
fully in keeping with the data derived from stimulation. 

8. The Temperature Coefficient of the Resting Heat-Bate. 

A muscle was placed on the thermopile in pure nitrogen at 20° C. Its resting 
heat-rate was 57. It was tetanised to complete exhaustion, and 43 minutes 
afterwards its heat-rate was 417. The temperature of the thermostat and 
muscle chamber was then lowered to 0° C., at which it remained for 48 hours 
without observation, but with pure nitrogen steadily running through. At 
the end of that time the resting heat-rate of the dead muscle at 0° 0. was 148. 
It was then warmed to 20*75° C., and one hour afterwards the heat-rate was 
1196. Assuming the last two readings to correspond (an hour is the minimum 
time required to get a reliable reading after warming the system up), the 
temperature coefficient is 2*74 for 10° C. 

A muscle was left in oxygenated Ringer at 0° C. all night (13 hours). After 
being “ electrocuted ” in pure nitrogen at 0° C. its heat-rate was 89. Its 
temperature was raised to 19*5° C., and in If hours the heat-rate was 593. 
Assuming the two readings to correspond, the temperature coefficient is 2 * 64. 

From these experiments it is clear that the resting heat-rate of the inexcitable 
or *■ electrocuted ” muscle has a temperature coefficient of the same order of 
size as other biochemical or vital processes. 
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One point of practical interest emerges from the above. It is dear that the 
resting heat-rate under anaerobio conditions, although largely reduced by 
cooling to 0° C., is still not negligible. A resting heat-rate of 148 represents 
0 • 21 calorie per gramme per hour, or 5 calories per gramme per day. Continued 
for 10 days at this rate, 60 calories per gramme would be liberated, or about 
6 per cent, of the total combustion energy of the tissue. The matter would seem 
to be of interest in connection with the “ chilling ” (as distinguished from the 
freezing) of imported meat. 


9. Is the Increment 'produced by Stimulation in the Anaerobic Resting Heat-Bate 
due to Increased Acidity of the Muscle? 

In discussing the cause of the increment in anaerobic resting heat-rate, one 
obvious possibility is that the increased acidity produced by stimulation may 
accelerate reactions previously going on at a low velooity. This possibility 
was tested by admitting pure carbon dioxide into the muscle chamber and 
seeing whether the deflection was increased thereby. According to a pair of 
observations made for me with the glass electrode by Mrs. P. Kerridgc, of this 
Department, the pH of a frog’s sartorius muscle placed in carbon dioxide falls 
from 7 • 0 to 0 • 0 approximately. The pH of a frog’s muscle after stimulation to 
complete fatigue is stated by Meyerhof and Lohmann (7) to be about 6*2. 
Thus the introduction of pure CO, should lead to a change of hydrogen ion 
concentration about equal to that caused by complete fatigue. 

When carbon dioxide is introduced into the ohamber there ia at first a large production 
of heat, lasting for about 45 minutes. When the carbon dioxide is washed out again with 
nitrogen there is an equal absorption of heat. These changes are to be attributed:— 

(а) To the heat of solution of the gas; and 

(б) To the combination of the carbonic acid with the alkaline buffers of the musole. 

If the experiment be made carefully, introducing the gas slowly, the heat can be determined 
accurately from the area of the defleotion-time curve. In four experiments made at an 
avenge temperature of 20'4° C., the following values were found on unstimulated or 
recovered muscles, previously in nitrogon:— 


0-342, 0*400, 0-350, 0*430 oalorie per gramme. 

Mean, 0*384. 

In fatigued muscles the heat liberated by carbon dioxide is considerably less, owing to the 
faot that muoh of the alkali has already been used in neutralising lactic acid: for example— 


(1) Heat produced by stimulation 

Heat by subsequent CO. 

(2) Heat produced by complete fatigue ... 

Heat by subsequent CO, . 


... 0*072 oalorie per gramme. 

... 0*284 „ „ „ 

... 0*893 „ ,, „ 

... 0*208 ,i ,, k 
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Of these quantities the part due to simple eolation of oarbon dioxide out be calculated. 
The solubility of carbon dioxide in water at 20*4° C. is 0*868: in muscle we will assume it 
to be 86 per cent, of this, namely, 0*75. The heat of solution of oarbon dioxide at 20° G. 
is 4210 cal*, per gramme mol. (8), while the heat absorbed in the removal of nitrogen is 
small enough to be neglected. A muscle immersed in pore oarbon dioxide takes up, m 
physical solution, 0 * 75 c.o. t whioh leads to a liberation of 0 • 188 calorie. Thus, in the resting 
giusole, subtracting this quantity from the mean value 0*384 cal., we find 0*246 cal. as 
doe to the heat of combination of carbonic acid with muscle alkalies. If musole be similar 
to blood, 1 gramme molecule of oarbon dioxide neutralised by alkali-proteins will liberate 
12,000 calories (8). Thus the oarbon dioxide taken up and combined in one gramme of 


musole will be 


0-246 X 22,400 


, i.e. f 0-46 o.c. In the completely fatigued musole it can 
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similarly be calculated that the oarbon dioxide taken up in combination is 0*13 o.o. per 
gramme, while in the partially fatigued it is 0*27 c.c. per gramme. These values are only 
rough, but they allow us to make an approximate calculation of the hydrogen-ion 
concentration. 

The dissociation constant of carbonic acid is 3 X 10~ T —that is to say, the hydrogen-ion 
oonoeutration can be calculated from the equation 

cK-3 X 

(combined CO,) 

In the resting muscle treated with carbon dioxide, introducing 0*75 as the “ dissolved 
CO, ” in the numerator, and 0-46 as the “ combined CO," in the denominator, we find 
the cH to be 4*0 X 10 \ the pH to be 6*31: in the partly fatigued muscle, similarly 
treated, the calculated pH is 6-08 : in the completely fatigued muscle, 5*76. It is clear 
that immersion in carbon dioxide makes a considerable alteration m the hydrogen-ion 
concentration of a muscle. 


The treatment of muscles with pure carbon dioxide causes, in general, no 
increase in the resting heat-rate. 


No. of 
Experi¬ 
ment. 

No of shocks 
in N,. 

Heat-rate in N 9 

Heat-rate in CO,. 

1 

60 

45 soato divisions 

24 scale divisions. 

O 

m 

60 

35 ,, ,, 

34 „ 

3 

120 

W „ 

85 „ 

4 

60 

33 „ 

20 ,, ,, 

A 

0 

14ft grm.-ams. per grin, par nun. 

136 gnu.-etna, per grm. per min. 

6 

0 

03 

63 

7 

0 

88 M l| 

164 

8 

0 

114 „ 

155 

0 

Fatigue 

482 

508 ,, ,, 

10 

Complete fatigue 

821 „ „ 

633 „ 


There would seem rather to be a tendency, on the whole, for treatment with 
carbon dioxide to decrease the resting heat. Certainly in the resting, or in the 
moderately stimulated muscle (1,2,4, 0, 6, 7, 8), there is no sign of an increment 
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in heat-rate equal to, that occurring in a muscle stimulated to exhaustion, as 
there should be if the hydrogen-ion concentration were the deciding cause. 
We may conclude, therefore, that the increased oddity provoked by stimulation 
is not the cause of the increment observed in resting heat-rate. 

10. The Reversibility in Oxygen of the Effect of Anaerobic Stimulation in * 
Increasing the Resting Heat-Rate. 

A muscle at 13*2° C. in pure nitrogen exhibited a resting heat-rate of 26. 
Stimulated by 183 break-shocks, it gave the response shown in fig. 1 and heat 
15,200, after which its resting heat-rate in nitrogen was 145 (see fig. 2). It 
was then allowed to reoover for 2J hours in oxygen, after which its resting heat- 
rate in oxygen was 94. It was then stimulated in oxygen by 90 break-shocks, 
giving the second response of fig. 1, and after recovery its resting heat-rate in 
oxygen was 115. A third series of 30 shocks in oxygen gave the third response 
of fig. 1, and after recovery in oxygen its resting heat-rate was 100. It is clear 
from fig. 1 that the muscle was in no way irreversibly injured by its anaerobio 
stimulation, although (calculated from the heat) nearly 0*1 per cent, of lactio 
acid was liberated, and we see that the recovered muscle exhibited a consider¬ 
ably smaller heat-rate in oxygen than previously (after stimulation) in nitrogen. 
It is almost inconceivable that the same chemical reaction could give out 
less heat in oxygen than in nitrogen: therefore recovery in oxygen must have 
inhibited a reaction previously occurring. 

Many other experiments have been performed illustrating the same 
phenomenon. A muscle after 43 minutes in oxygen at 20*7° C. showed a 
resting heat-rate in oxygen of 250: after a series of 77 shocks (see fig. 8, lower 
record), and 32 minutes recovery, the resting heat-rate in oxygen was 242. 



Fig. 8 . —Experiment of 22.3.28. Bottom, Series I, 77 maximal break-ehooka in oxygen, 
isometric^ record. Top, after recovery, Series II, 78 ahooks in nitrogen. Bead from 
left to right. * 
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The oxygen was then replaced by pure nitrogen, and in 25 minutes the heat- 
rate was 61. A series of 78 shocks (see fig. 8, upper reoord) then gave heat 
9,040, after which the resting heat-rate in nitrogen was 168. Oxygen was then 
admitted, and in 45 minutes recovery heat 9,460 was liberated, and the resting 
heat-rate reached a value of 268. Finally the oxygen was replaoed by 
nitrogen, and in 30 minutes the heat-rate had fallen to 64. From this we see 
that after oomplete recovery in oxygen ((recovery heat) -t- (initial heat) =1*05) 
the resting heat-rate in nitrogen returned to the value which obtained before 
anaerobic stimulation. The change in the resting heat-rate produced by anaerobic 
stimulation wasfuMy reversed by recovery in oxygen. 

A third experiment may be quoted, showing a partial and not a complete 
reversal. A muscle after 102 minutes in oxygen had a heat-rate in oxygen of 
146. The oxygen was replaoed by nitrogen and in 36 minutes the heat-rate in 
nitrogen had become constant at 111. A series of 191 shocks in nitrogen led to 
a liberation of heat 23,100 (=0*14 per cent, lactic acid), and to a final heat-rate 
in nitrogen of 468. Oxygen was admitted, and recovery proceeded for 67 
minutes, leading to a heat liberation of 7,270; this iB only 31 per cent, of the 
initial stimulation heat: recovery was not complete, as was Bhown also by the 
subsequent behaviour. At the end of 67 minutes in oxygen the heat-rate in 
oxygen was constant at 325, more than the previous value in oxygen but less 
than that after stimulation in nitrogen. Two shocks now showed a largely 
diminished mechanical response, with but little reduction in the heat-produc¬ 
tion. The oxygen was finally replaced by nitrogen, and in half an hour the 
heat-rate in nitrogen had fallen to 218. This is more than the initial heat-rate 
in nitrogen, but considerably less than that after stimulation. The muscle 
was now nearly inexcitable. Here we have an example of partied oxidative 
recovery causing a considerable but incomplete reversed of the effect of anaerobic 
stimulation. 

A fourth experiment illustrates the same thing. 

Besting 

heat-rate. 


(1) Muscle at 20*5° C., 65 minutes in oxygen. 190 

(2) Oxygen replaced by nitrogen, in 32 minutes .. .. 57 

(3) 76 shocks, heat, 11,000, in nitrogen . 219 

(4) 41 minutes’ recovery in oxygen, heat 11,480 .. 288 

(5) Oxygen replaoed by nitrogen, in 30 minutes .. .. 146 

(6) “ Electrocuted ” . 475 
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After recovery in oxygen (line 4), the mechanical response to a shook was only 
35 per cent, of its original value: correspondingly we find, by comparing 
lines (2), (3) and (5), that the anaerobic resting heat-rate has been diminished 
by oxidative recovery, but not to its low initial level. "Electrocution” 
finally produced its characteristic high value. 

We may conclude that the effect of anaerobic stimulation in increasing the 
resting heat-rate may be completely reversed by recovery in oxygen, with a 
return of the muscle to its original condition. The reversal, however, is often 
only partial: too considerable an anaerobic breakdown induced by stimulation 
may lead to an irreversible increase in the heat-rate, and in such cases the 
muscle tends to fail. The heat-rate in oxygen, after recovery, may actually 
be less than in previous nitrogen after stimulation, showing that the oxygen 
has inhibited some breakdown occurring in the muscle. 

No exact quantitative data can be produced, but the writer has a strong 
personal impression that those muscles which exhibit a high anaerobic resting 
heat-rate are failing, or liable to fail, while those whioh show a low heat-rate 
are in good condition and likely to stand stimulation well. The causes of failure 
are unknown, but a connection between liability to failure and those changes 
which lead to a high anaerobic heat-rate would seem to be important in any 
discussion of the maintenance of the normal life of the organism. 

Discussion. 

Oxidation is necessary in order to maintain the normal life, structure and 
function in an animal cell. Some cells— e.g. t those of muscle -may continue 
to function for a period without oxygen, by employing the “ accumulator- 
mechanism ” afforded by the power of forming lactic acid from glycogen; 
others— e.g., those of the kidney—cease their normal function as soon as 
oxidation iH inhibited by cyanide (Starling and Vemey, (9)). A third type haB 
recently been found in vertebrate nerve (10), (11), (12), (2), (13), in which the 
functional capacity to transmit an impulse does not cease as soon as oxygen 
is withdrawn, yet apparently activity is always followed by a recovery process 
which can scarcely be other than oxidative in nature, but derives its energy 
from a source other than the use of molecular oxygen. When finally the 
function of the nerve disappears under oxygen lack, it can be brought back in 
part at once by the re-admission of oxygen, but it requires an hour or more for 
a complete restoration to its original state ; whereas a full supply of oxygen 
would be available within a minute or two. Lack of oxygen, long enough 
continued, ends in the death of the nerve. 
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The investigations of Warburg (S) have shown that malignant tumour-tissue 
is characterised by an excessive employment of energy derived from the 
“ fermentative ” lactic acid-forming reaction, and a diminished use of oxidative 
breakdown. The malignancy may perhaps be associated with, and measured 
by, the diminished power of using oxygen in the reactions required to maintain 
the life and normal micro-physical architecture of the cell. If the cell is to 
continue to function at all it must employ energy, which it derives—since 
oxidation is insufficient—from anaerobic breakdown. The lack of oxidative 
power, and not the excessive “ fermentative ” capacity, may be the essential 
factor. 

We are led by such considerations to the very fundamental question: What 
is the rdle of oxidation in the living but completely resting tissue ? Why is it 
necessary for the isolated nerve, if it is to continue to be able to transmit an 
impulse, to persist in using oxygen at the rate of 0-00035 c.c. per gramme per 
minute 1 The nerve is completely at rest, no detectable change is taking place 
in it, yet about 10,000 molecules of oxygen are being consumed every minute in 
every cubic p. Some clue to the solution of the problem may be given by the 
experiments described above. If a tissue be broken up by mechanical or 
chemical means, reactions rapidly Bet in which previously were impossible, 
catalysts are brought in contact with materials from which they were 
previously held apart, and the cell rapidly degenerates from an organised 
system which was previously in dynamic equilibrium to a complex medley 
of biochemical processes and substances. 

It is clear from the preceding pages that although the use of molecular 
oxygen may be completely prevented, large amounts of energy are nevertheless 
available in muscle for anaerobic breakdown, amounts far in excess of that 
whioh can be derived from any possible formation of lactic acid. The reactions 
underlying this liberation of energy are unable to proceed so long as the muscle 
can maintain its normal basal level of oxygen consumption: out off the 
molecular oxygen, however, and they commence increasing in intensity in 
direct linear proportion to the degree of oxygen want, the “ oxygen debt,” 
of the tissue. If oxygen be rc-admitted before the degenerative processes 
have gone too far, these breakdowns are inhibited, substances previously able 
to react with one another are held apart again, and the muscle returns to its 
normal resting state. Allow the degenerative changes produced by lack of 
oxygen to proceed too far, and no recovery is possible, the agencies capable 
of holding things apart so that they cannot react have been destroyed, and the 
organised system rapidly becomes a chaos of biochemical processes. 
vol. cm.—B. 
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In ascribing a more definite and material existence to those agencies which, 
in the presence of oxygen, inhibit reactions which otherwise, sooner or later, 
proceed to the destruction of the cell, the great increase in anaerobic heat-rate 
induced by “ electrocution ” is significant. Stimulation to extreme fatigue 
causes a large increase : “ electrocution ” causes a larger one. The “ electrocu¬ 
tion ” even of a completely inexoitable muscle may lead to a considerable 
increment in the resting heat-rate. It is difficult to see how a strong alternating 
current could provoke chemioal reactions in a homogeneous medium: it 
would seem more likely that powerful electrical potential differences applied 
to a tissue may actually puncture or shatter the membranes, or interfacial 
layers, which normally maintain the heterogeneity of the oell. Thus we should 
tend to look for the inhibitory agencies which uphold the dynamic equilibria 
of life, and prevent unwanted reactions from occurring, not in any mysterious 
chemical control exerted in a homogeneous medium, but in actual material 
membranes and interfacial layers. 

The degree of oxygen-want of a tissue, its “ oxygen debt," is determined by 
the quantity of energy liberated by previous anaerobic stimulation, by the 
amount of lactic acid set free. Acid, as such, has been shown by the experi¬ 
ments with carbon dioxide not to provoke an increment in the resting heat-rate. 
It is equally unlikely that any associated ohangea in the phosphate compounds 
of the muscle could produce the effect. In view of the power possessed by 
oxygen of inhibiting or reversing the increment in resting breakdown, it is 
natural to regard oxygen-want, as such, as the agency provoking degenerative 
change . Why, or how, the rate at whioh these degenerative breakdowns occur 
in an anaerobic muscle, can be a linear function of the degree of oxygen-want, 
it is not easy to say. It may be, as in nerve, that there is a source of oxygen in 
other than molecular form available for the life of the tissue, and that the 
essential interfaces guarding the integrity of the cell are progressively deprived 
of this source as the oxygen-want of the tissue increases. With a high lactic 
acid concentration, substances may be liable to chemical reduction which were 
stable with a low one. 

Further researches on the oxidation-reduotion potentials of living systems 
may throw light on the matter. For the moment one can only record the 
phenomena, whioh seem to present a fairly exact form under the conditions 
named, and speculate somewhat vaguely about them. Whether they will 
appear at all, or so rapidly, under other conditions, e.g., in muscles not 
dissected from their limbs, cannot be predicted. They do occur under 
certain conditions, and their occurrence requires an explanation. Renewed 
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chemical studies of muscles and other tissues, kept under strictly anaerobic 
conditions, are suggested. The nature of reactions which can liberate, 
without oxidation, such relatively large amounts of energy would seem 
particularly worthy of investigation. 


Summary. 

1. The resting heat-rate of frogs’ sartorius muscles has been investigated, 
in oxygen and under strictly anaerobic conditions. 

2. (a) The resting heat-rate in oxygen agrees with existing determinations 
of the rate of oxygen consumption. 

(6) Survival in oxygen, and stimulation followed by recovery in oxygen, 
tend to diminish rather than to increase the resting heat-rate. 

3. The minimum resting heat-rate in the absence of oxygen is attained 
within half an hour in nitrogen, and is sufficiently accounted for by lactio acid 
production. 

4. (a) Stimulation produces an immediate increase in the anaerobic resting 
heat-rate, which under conditions of advanced fatigue may reach considerable 
values. 

(b) This increase persists for many hours, long after the muscle has become 
inexcitable. 

(c) A linear relation exists between the increment in anaerobic resting heat- 
rate and the energy liberated by previous anaerobic stimulation. 

(d) A critical examination shows that the phenomena described are not due 
to any technical error, but to properties of the muscle tissue itself. 

(5) “ Electrocution,” i.e., excessive electrical stimulation, produces a great 
increase in the anaerobic resting heat-rate. 

(6) The absolute values are discussed. The total heat in 8 hours due to the 
anaerobic resting heat-rate may be as great as 6 calories per gramme of muscle : 
the maximum rate may be as high as 1 *4 calories per gramme per hour. The 
quantities involved are so large that the phenomenon described cannot be due 
simply, or mainly, to enhanced lactic acid formation: it must be attributed to 
other anaerobic breakdowns involving far more energy than this. 

(7) Resting anaerobic survival without stimulation leads gradually to the 
same high heat-rate. 

(8) The increased resting heat-rate provoked by anaerobic stimulation, or 
survival, has a temperature coefficient of 2*7 for 10° C. 

(9) (a) Increased acidity is not the cause of the phenomenon. Immersing 



162 Dynamic Equilibrium qf Muscle Cell. 

a muscle in pure carbon dioxide tends rather to decrease than to increase the 
resting heat-rate. 

(&) The immediate effect of introducing carbon dioxide is a large production of heat, 
odused by its solution and combination in the muscle* This production of heat is 
diminish ed by previous stimulation. A corresponding absorption of heat oocurs when 
the carbon dioxide is removed. 

(10) The effect of anaerobic stimulation in increasing the resting heat-rate 
can be reversed, partially or completely, by recovery in oxygen. The possi¬ 
bility of oxidation leads to the inhibition of reactions previously occurring. 

(11) The r61e of oxidation in maintaining the chemical and physical archi¬ 
tecture of the cell is discussed. The degenerative changes set up by anaerobic 
stimulation, or survival, proceed at a rate determined at any moment by the 
degree of oxygen-want. Oxidation at rest is concerned with upholding the 
integrity of boundaries or membranes, which are essential if the organised 
system is not to become a chaos of biochemical processes. 

The expense* of this research have been borne by a grant from the Foulerton 
Fund of the Royal Society. 
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The Absolute Value of the Isometric Heat Coefficient Tl/H 
in a Muscle Twitch, and the Effect of Stimulation and 
Fatigue. 

. By A. V. HrLL, F.R.S. 

(From the Department at Physiology end Biochemistry, University College, London.) 

It i b not technically possible to determine directly the lactic acid set free 
in a single moscle twitch. It is necessary to calculate it from the initial heat- 
production, or from the tension developed. The anaerobic liberation of 1 
gramme of lactic acid in muscle is accompanied, according to Meyerhof, by the 
production of 385 calories of heat (1). This leads to the equation:— 

1 gramme-cm. (heat) = 6*14 x 10~ 8 gramme lactic acid. (I) 

The isometric coefficient of lactic acid, defined for a twitch or a scries of twitcheB 
by the equation* 

g _ (grammes tension developed) (cms. muscle lepgth) 
m (grammes lactic acid produced) ’ 

has been the subject of much investigation by Meyerhof and his colleagues 
(2, 3, 4, 5). Matsuoka, for the frog’s sartorius muscle in Ringer’s solution, 
found a mean value of 1*06 X 10 s (variation 0*69 to 1*36). Meyerhof and 
Lohmann, for the frog’s gastrocnemius, gave 1*40 X 10 8 as a mean, while 
Meyerhof and Schulz gave 1*43 X 10 s (variation 1*12 to 1*66). In the 
gastrocnemius, however, the fibres are not straight, and do not run parallel to 
the muscle length ; consequently it is necessary to multiply (see Maahino (6), 
A. V. Hill (7)) the value so found by a factor of roughly 0*63 to allow for the 
skew disposition of the fibres. This gives, when corrected, 0*9 X 10 s for the 
gastrocnemius, so that taking account of the value 1 *05 X 10 8 found by 
Matsuoka for the sartorius, the round figure 1 X 10 s may be acoepted. This 
leads to the equation:— 

1 gramme-cm. (tension-length) EE 10~ 8 gramme lactic acid. (II) 

From equations (I) and (II) we may calculate at once the laotio acid produoed 
in a twitch, given either (I) H, the heat produced, or (II) T, the tension 
developed. Combining them we find a mean value for Tl/H, viz., 

j>hi. (ni) 

* Meyerhof defines it in terms of kilogrammes of tension developed and milligrammes 
of laotio add prodnoed. 
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It is assumed that H, the heat, is the “ initial heat.” It will be shown in a 
subsequent paper that in a series of twitches there is little, or no, delayed, 
anaerobic heat. 

It is of interest to compare the mean value of Tl/H bo calculated with one 
deduced directly from simultaneous observations of T and H. By means of 
the methods described in the two preceding papers, such observations have been 
made more accurately than in previous investigations, («) on Tl/H in single 
twitches in the usual way, and (6) on ET1/H in series of twitches, where ET1 is 
the sum of the tensions developed multiplied by muscle length, and H is total 
heat calculated from the observed area of the galvanometer defleotion-time 
curve. In every case the muscle was in pure nitrogen, sometimes treated with * 
cyanide, after having been immersed for some time previously in neutral 
phosphate-Ringer (usually 7 to 10 mgms. per cent. P). The muscle had 
not been stimulated previously, except for a few twitches. 

Twelve values for Tl/H (each the mean of several observations) in twelve 
different experiments are as follows: 4*34, 4*68, 6*37, 6*03, 6*26, 6*30, 
6*40, 6*70, 6*97, 7*40, 7*66, 8*30; mean value, 6*36. 

Twelve values for ZT1/H in twelve different experiments are as follows, the 
number of twitches in each series being given in brackets after the value of 
IT1/H: 4*60(63), 4*76(66), 4*86(31), 6*12(60), 6*26(32), 6*47(183), 
6*74(32), 6*10(77), 6*72(78), 6*98(60), 7*24(63), 7*30(62), 7*48(191); 
mean value, 6*97. 

The average, therefore, of the two mean values, viz., 6*16, is in close agree* 
ment with that deduced above from Meyerhof’s lactic acid data, and the 
variation from one muscle to another is no greater than that observed in the 
lactic acid experiments. In the case, at any rate, of the myothermie 
observations, the variation from one experiment to another is not due to 
experimental error—the error cannot be more than 3 or 4 per cent, and the 
average must be much less—it should be attributed to the unavoidable differ¬ 
ences existing between different muifcles similarly treated and apparently in 
good condition. 

The assumption has been made in the above comparison that stimulation 
to partial fatigue (as is necessary for lactic acid ipeasurements) does not affeet 
the isometric coefficient for lactic acid, so that a series of 100 to 200 twitches 
should give the same result as a group of three or four. Meyerhof (2) showed 
that in a muscle pushed to extreme fatigue the isometric coefficient falls 
considerably: two experiments may be quoted:— 
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(1) First 145 twitches, K« = 0*77 X 10 s (after applying the correction 
factor of 0*63 for the gastrocnemius). 

Succeeding 350 twitches, K„ = 0*52 X 10 s . 

(2) First 210 twitches, K„ = 0-77 x 10®. 

Succeeding 590 twitches, K w = 0*52 x 10®. 

This effect can be confirmed by the myothermic method: there is no doubt 
that in the last stages of exhaustion the ratio Tl/H falls considerably. Over 
a more moderate range, however, in a muscle in good condition, it remains 
remarkably, constant, as is shown in Tables I and II. 
f In Table I the degree of previous anaerobic activity is given by the amount 
of heat liberated (calories per gramme): complete fatigue is usually reached 
when about 1 cal. per gm. (»>., about 0*26 per cent, of lactic acid) has been 
produced. In Table II the heat set free in each series is given, so that the 
degree of previous activity can be inferred by adding up the previous heats. 
Tn Table I are given the results for Tl/H in single twitches, obtained as usual, 
in every case but one, in absolute unitB. In Table II are given results for 
2T1/H for series of twitches, ET1 being obtained by simple addition, H from 
the area of the deflection-time curve of the galvanometer, as described in the 
preceding papers: 2T1/H is expressed in absolute units. 

Table I.—Effect of Previous Stimulation on the Value of Tl/H in a Single 

Anaerobio Twitch. 

Mxperimont I of 27.10.27.—Pure N, after Ringer, 20 mgma. per cent. P, pH 7*0. Tetani inter¬ 
polated between group* of three te*t-*hook*. 

Duration interpolated 

tetanus: second* . .. 0*40 0*40 0*40 0*90 1*8 1*8 1*8 

Total eels, per gm. in pre- 


vious stimulation 

0*009 

0*064 

0*117 

0*160 

0-242 

0*360 

0*447 

Tl/H, mean of Stwitohea 

3*04 

3*62 

3*61 

3*61 

3-42 

3*21 

3-34 



1*8 

1*8 

1-8 






0*630 

0*000 

0*664 

0*700 





3*47 

3*70 

3*86 

4-06 




Exptriment II of 26.10.27.—Pure N, after Ringer, 10 mgma. per cent. P, pH 7*4. Group* of 
three test-shock* and 1-aeoond tetani alternating. 


Previous cal*, per gm. 

0*018 

0-124 

0*104 

0-268 

0-315 

0*366 

0-410 

Tl/H 

4*20 

4*30 

4*07 

4-10 

4-27 

4*36 

4-28 

0*460 

0*481 

0*610 

0-536 

0-666 

0-690 



4*12 

4*04 

4-00 

3-84 

3*66 

3-60 



Experimtnt I of 28.10.27.—A* Experiment 11 of 26.10.27 above. No calibration. T/H in 
arbitrary unit*. Group* of four tcst-ahooka and single 4 -second tetani alternating. 

T/H arbitrary unite 7*8 8*9 9*1 9*3 9*1 8*0 7*8 7*4 

BxptrimuU II of 27.10.27.—Pun N ( after Ringer, 20 mgma. per cent. P, pH 7*4. Groups of 
three test-*hock* and single 2-eeoond tetani alternating. 

Pnvioua oak. per gm. 0*011 0*132 0*237 0*323 0*892 0*446 0*490 

Tl/H. 3*38 3*74 3*74 3*80 3*80 4*11 4*04 
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Table II.—Effect of Previous Stimulation on the Value of 2T1/H in a Series of 

Anaerobic Twitches, 

Ewpenment of 32.12.27.—Total heat in atimuUtioii 0*58 ©aL per gm. 


Number of twitohee 

80 

83 

63 

04 

Hett produoed : oak* per gm. 

0-15 

0-14 

0*13 

0-11 

m/H 

4*75 

4-01 

4*32 

4-81 


Experim leal of 14.10J7 end 15.10.27.—4 boon in Ringer + 30 mgma. per oent. P. Then 17 hour* 
in 0* than tn N a . Total heat in stimulation 0*83 oal. per gm. 

Number of twitohes 37 88 78 108 132 

Heat produced : oals. per gm. 0*083 0*070 0*177 0*334 0*188 

m/H 3-82 4*23 4-05 4*11 3*74 

Muscle then left in oxygen: after 10 hours contracted strongly to stimulation. 

Experiment of 3.1.28.—In N t -HCN. Total heat in stimulation 0*810 oal. per gm. 
Number of shocks 31 31 84 83 188 

Heat produced; oak. per gm. 0*086 0-081 0-137 0*131 0-185 

XT1/H 4-86 4*58 4-52 4*72 4*08 

Experiment of 25.1.28.—In N,-HCN. Total heat in stimulation 0-47 oaL per gm. 
Number of shocks 32 32 32 84 

Heat produoed a oak. per gm. 0-107 0-108 0*103 0*155 

m/H 5 74 5 08 4-43 3-14 

Experiment qf 4.1.28.—In N ( -HCN. Total heat in stimulation 0-84 oal. per gm. 
Number of shocks 83 310 to extreme fatigue. 

Heat produoed : oak. per gm 0-108 0-53 

m/H 7-24 0-82 

Except where stated, the musok had been treated aitb neutralised phosphate-Ringer, 7 to 
10 mgms. per oent. P. Except in the last experiment quoted, stimulation was not to extreme 
fatigue. The heat produced in each separate senes is given. 

One comment should be made on the data in Tables I and II. It is quite 
easy to get a contrary result, viz., a large fall in Tl/H as fatigue sets in, by 
employing muscles which are rapidly deteriorating. In all the above oases the 
muscles behaved well, and gave a long series of responses without undue 
depreciation: the experiments quoted were chosen simply because the muscles 
were, judging from their mechanical response, in good condition up to the end 
of stimulation. In every case the resting heat-rate in nitrogen at the beginning 
(see the preceding paper) was low, which is a further sign of good condition. 

The values given in Tables I and II have been shown graphically in the 
accompanying figure by the following treatment: The first entry for Tl/H in 
each experiment was taken as unity, and subsequent values were expressed as 
a fraction of the initial one. Each fraction was then plotted as a function of 
the amount of heat liberated in previous stimulation. The case of Table I 
needs no comment. In Table II the total heat liberated up to the muddle of 
the series under consideration is taken as the “ previous ” heat. 

The method of plotting exaggerates the “ scatter ” for two reasons: (a) any 
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error or abnormality in the first reading of an experiment is perpetuated 
throughout the experiment by dividing the other readings by it, and (6) the 



Cals, per gm., previous activity 


Graphic representation of results in Tables 1 and II. The first entry for Tl/H in each 
exp erim e n t was taken as unity; all subsequent entries were divided by the first, and 
then plotted as a function of the heat liberated in previous anaerobio activity. In 
the oase at Table II, previous activity was reckoned to the middle of the series 
considered. 

diagram is cut off at the value 0*7 instead of being continued down to zero. 
It is obvious, nevertheless, that there is very little, if any, change in Tl/H as 
the result of previous activity: the line Tl/H = 1 runs practically through 
the middle of the points. There is apparently a slight tendency for the ratio 
to fall, and the broken line is so drawn as to have the same number of points 
above as below it. To half fatigue (say 0*6 cal. per gm.) there is only about 
3 per cent, diminution in Tl/H, if we accept the broken line; even at 80 per 
cent, fatigue (say 0*8 cal. per gm.) there is only about 6 pcs cent, diminution. 
Practically speaking, therefore, we may say that previous activity has no effect 
on the ratio Tl/H, except during the extreme stages of fatigue. 

We may conclude that in a single twitch the processes leading to the develop* 
ment of tension and heat are the same as in a long series of twitches: thus, 
in order to determine the lactic acid produced in a single average twitch we may 
employ equations (1) and (II) above. Any enror involved in so doing will be 
almost entirely that due to the random variation of the tissues employed, and 
will not be affected by the fact that the constants of the equations were derived 
from long series of twitches. 

A certain special importance attaches to these results at the present moment, 
owing to recent work on the chemistry of “ phosphagen.” Phosphagcn is an 
unstable compound of creatine and phosphate—probably combined with other 
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substances—which has been found to break down during the activity of muscle, 
and to be rapidly reformed afterwards in the presence of oxygen. (See Eggleton 
and Eggleton (8), (9), (10).) Recent work from Prof. Meyerhof's laboratory 
in Berlin has shown certain unexpected phenomena, which lead one to suspect 
that the phosphagen is not really broken down at all, but in some sense 
“ unstabilised ” by stimulation. This work will be published shortly in a 
paper by D. Nachmansohn, the MS. of which Prof. Meyerhof was kind enough 
to send to Mr. Eggleton. The essential points are as follows:— 

At rest in a fresh muscle, 73 per cent., approximately, of the “ inorganic ” 
phosphate, as usually determined, really consists of phosphagen. The 
“ isometric coefficient ” for phosphagen, 


„ _ (grammes tension) (cm. muscle length) 
" 9 (grammes inorganic H3PO4 produced) 


is not constant, or approximately constant, as is the “ isometric coefficient" 
for lactic acid K„ defined above, but increases rapidly as the degree of previous 
activity increases. For example, in 42 twitches it was 0-66 x 10 s , in 85 
twitches 0-78 x 10 s , in 325 twitches 2-4 X 10 s (all corrected by the reducing 
factor 0*63 for the gastrocnemius). Whereas in the short series 1*5 times as 
many phosphagen molecules “ break down ” as lactic acid molecules are 
formed, in the later stages of the long series the ratio, instead of being 1 *5, is 
only about 0*1. The same effect is shown in a tetanic stimulus: in a single 
5-second tetanus, or in two, twice as much phosphagen may be broken down 
as lactic acid produced, while in a series of 6 or 12 the ratio may be reversed: 
indeed, in the later stimuli, practically no phosphagen appears to break down 
at all. 

Now it has been shown by Meyerhof and Suranyi (1) that the breakdown of 
phosphagen in vitro leads to the liberation of 150 calories per gramme of 
HgPO* set free. If the major portion of the phosphagen present in muscle 
really broke down in the early stages of a long series of twitches, one could 
scarcely fail to detect the fact from the gradual rise in Tl/H that would occur 
as the rate of phosphagen breakdown fell off. Such a rise definitely does not 
occur. There is no doubt that the isometric coefficient for lactic acid remains 
constant up to a fair degree of activity, while it has been shown above that the 
isometric heat coefficient is practically unchanged up to a high degree of 
activity. These facts seem to preclude the 'possibility that the heat observed 
is largely made up, in the early stages of activity, by a breakdown which is 
nearly as important (from the thermal aspect) as the reaction producing lactic 
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acid, but during the later stages assumes a negligit>le importance. If the 
breakdown of phosphagen in the living muscle really liberated 100 calarieB per 
gramme of H s P0* set free, we could not fail to detect its presence from the 
rite of Tl/H with advancing fatigue. It seems necessary to assume either 
that purified phosphagen has very different thermal properties from the 
substance existing in the living muscle, or that the breakdown does not really 
occur; perhaps the “ breakdown ” should be regarded rather as an 
“ unstabilisation ” of some kind, allowing the phosphagen to be broken 
down by the chemical treatment necessary for its estimation, to which it is 
normally resistant. This suggestion is, in fact, made by NachmanBohn in his 
paper, on other grounds. 


Summary. 

1 . Meyerhof’s experimental results on the relations between heat, tension anil 
lactic acid in a series of isometric muscle twitches may be expressed by the 
following equations for the case of a muscle with fibres parallel to its length :— 

1 gramme-centimetre (initial heat) EE 6*14 X 10 -8 gramme lactic acid. 

1 gramme-centimetre (tension-length) = 10~ 8 gramme lactic acid. 

Tl/H = 6-14. 

2. Direct observations of T and H by the improved methods described in 
the previous papers give a mean value of the isometric heat coefficient, 
Tl/H = 6-16. The rather wide variations observed experimentally in this 
coefficient are not due to errors of observation but to differences occurring 
between the muscles employed, in spite of all precautions to ensure uniformity. 

3. Previous anaerobic activity, liberating a large fraction of the whole energy 
available but not pushed to extreme fatigue, has little or no effect on the 
isometric heat coefficient Tl/H. The efieot, if any, is in the direction of a 
slight reduction. In extreme fatigue, however, the reduction is large. 

4. The equations, therefore, in (1) above, which were deduoed from observa¬ 
tions on a large number of twitches, are applicable without change to the case of 
a single twitch. 

5. Recent work on “ phosphagen ”—a labile phosphate-creatine compound 
which appears to break down in activity and to be re-formed in oxidative 
recovery—has shown (a) that in vitro the breakdown of purified phosphagen 
leads to the liberation of about 100 calories per gramme of H,PO« set free, 
and ( b ) that tn vivo the “ breakdown ” occurs preponderatingly in the early 
stages of a long series of twitches. If the phosphagen “ breakdown ” tn vivo 
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• 

realty liberated the heat found for the breakdown of the purified material 
in vitro, it could not fail to cause an obvious increase in the isometrio heat 
coefficient as activity progressed and fatigue set in. Such an increase does not 
occur; either, therefore, purified phosphagen is to be regarded as a very 
different substance (from the thermal aspect) from that existing in the 
living muscle, or the phosphagen “ breakdown ” in vivo is to be regarded 
rather as an “ unstabilisation,” causing the material to break down under 
chemical treatment to which it is normally resistant. 

The expenses of this research have been borne by a grant from the Foulerton 
Fund of the Royal Society. 
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The Absence of Delayed Anaerobic Heat in a ISeries of 
Muscle Twitches. 

By A. V. Hill, F.R.S. 

(Received May 8, 1928.) 

(From the Department of Physiology and Biochemistry, University College, London.) 

In 1922, Hartreo and Hill (1) described a delayed heat-production after a abort 
tetanic stimulus in a muscle deprived of oxygen, amounting to about one-third 
of the recovery heat in oxygen. In 1923 the same authors (2) re-examined 
the matter, with greater precautions to exclude oxygen, and found a “ most 
probable ” value for this delayed anaerobic heat of about one-quarter of the 
initial, or one-sixth of the recovery, heat. The existence of this heat has 
remained an obscure phenomenon, a complication in an otherwise compara¬ 
tively simple scheme, and a further attempt was made by Furusawa and 
Hartree (3) in 1926 to trace its source. In spite of all precautions to exdude 
oxygen, and to obviate physical effects (lack of uniformity in the muscle, etc.) 
which might produce the same apparent result, the delayed heat persisted, 
and Furusawa and Hartree concluded that its minimum value was about 
12 per cent, of the initial heat; in many cases it was more, sometimes much 
more. It should be noted that all the investigations referred to dealt with a 
short tetanus, not with a single twitch. 

The increment produced by stimulation in the resting heat-rate of a muscle 
under anaerobic conditions, described in a previous paper of the present series, 
is one of the factors responsible for the effect discussed. Unless the galvano¬ 
meter-zero, and the temperature of the thermopile-chamber, be extremely 
constant, it is easy to misinterpret the permanent shift of position of the 
galvanometer after stimulation in nitrogen, and to deduce the existence of a 
long-continued slow production of heat gradually diminishing to zero. The 
reactions underlying the increment in the resting heat-rate are not part of the 
prooess of activity itself, although induced by it, and it is incorrect to attribute 
the energy they liberate to the preceding contraction; this is obviously the 
oaBe, since the increment in heat-rate we know now to be permanent, so that 
the energy liberated is not constant but proportional to the time during which 
one chooses to follow the galvanometer deflection. It will be shown, indeed, 
by Hartree and Hill in a later paper of this series that such anaerobic delayed 
heat as really exists, in the case of a tetanus, occupies only a minute or two 
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after the stimulus, the long continued part of the delayed heat, described 
in each of the three papers cited above, is an error due to a misinterpretation 
of the facts, which oould not then be observed with the same aoouraoy as is 
possible now 

The case of a single twitch has never been examined in this respect The 
reason is that the amount of heat liberated is so relatively small, when 
compared with that in a tetanus, that experimental error would tend to mask 
the effect looked for What has proved so difficult of decision, in the ease of a 
tetanus with its relatively large amount of heat, would dearly prove even 
more difficult in the case of a single twitch It is obviously important, 
however, if possible, to investigate this other type of contraction for (1) it 
represents the fundamental unit of muscular activity on which all other types 
are based, and (2) much recent work has been done on the chemical ohanges m 
muscle, by Meyerhof on the one hand and by Embden on the other, m which 
single twitches have been employed By measuring the heat, not of a single 
twitch but of a succession at equal intervals as is now possible, the experimental 
difficulty has been resolved, and it will be shown below that in a senes of 
twitches, under anaerobic conditions, the “ total ” heat is equal (or approxi 
mately equal) to the “ initial ” heat, bo that in this case the anaerobio delayed 
heat is practically non existent 

Method 

The experimental details have been described m the first paper of this senes 
If a muscle, placed on a thermopile, and in good temperature equilibnum with 
it be stimulated by a succession of shocks, the total heat, up to the tune when the 
galvanometer comes completely to rest again is given by the area of the 
deflection-time curve Fart of this total heat is due to “ basal ” resting 
processes, in no way connected with the contraction, part to those reactions 
which lead to the increment m the resting hi at rate after stimulation, also not 
to be debited against the contraction process It is necessary, therefore, to 
adopt a “ base-line ” from which to measure the total heat due to adtvtty In 
fig 2 the full line representing galvanometer deflection started from zero m 
the diagram 6 minutes after 2 minutes’ stimulation (66 twitches) it returned 
not to zero but to 10 mm where it would have remained indefinitely The 
base line, therefore is drawn horizontally backwards from 8 minutes to 
2 minutes at a constant height of 10 mm, and then a sloping line is drawn 
from 10 mm to the origin The total heat due to aotivity is measured by the 
area of the curve above this base hue In fig 2 the broken line represents the 
thermal response of the same muscle to a second 2 minutes’ stimulation (68 
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22.12.27. 

Tl/H=4-72. m/H=4-76. 



m/H=4-fil. TI/H=4-5B. 


3.1.28. 

Tl/H = »-37. OT/H = 4'81. TI/H = B*27. 



7.10.27. 

Tl/H -4-25. 



m/H=4-42. m/H-4-44. 



Fig. 1 . — Isometric record)* of twitches in three experiments. 

22.12.27. —Test-shocks: Series I: Series II: test-shocks. 

3.1.28.—Test-shocks; Series I: test-shooks. 

7.10.27. —Test-shocks: Senes I: Series 11 : Series III: test-shocks. 

Above or beneath each group or series is printed the corresponding value of the 
isometric heat-coefficient; Tl/H or 2TI/H. In the former case H is initial heat; in 
the latter case H is total heat. 











GalvanF § deflect. § 


174 


A. V. Hill 


twitches). This started from 10 mm., the level reached at the end of the first 
series, and returned finally to 20 mm. The base-line, as before, consists of a 
horizontal part over the later period, and a sloping part over the earlier 
period. The increment in resting heat-rate is supposed to oocnr uniformly 
down the interval of stimulation. 

The total heat due to activity can be measured with great accuracy. The 
initial base-line is steady to 1 mm. or less. The galvanometer deflection is 
recorded at 6-second intervals, and is of the order of 600 mm. at its m«rimiini ; 
it is impossible to detect the divergence of the observed points from a curve 
drawn on the scale of fig. 2. The final base-line is steady to 1 mm. The 



Fio. 2.—Records of galvanometer deflection in Series I and II of experiment of 22.12.27 
(see fig. 1). Muscle in pure nitrogen. Two minutes’ stimulation. Baee-lines drawn 
beneath. Full line—Series I, 05 twitches. Broken line—Series II, 03 twitches. 


calibration required, to turn millimetre-minutes into gramme-oentimetres is 
accurate to within 1 or 2 per cent. The total heat-production of muscle can, 
in fact, be determined in this way with an accuracy unequalled by any other 
method, and can be compared with the initial heat measured by the deflection 
in a single twitch. For the comparison it is necessary to calculate the heat 
per unit of tension developed. For this purpose the isometric response is 
simultaneously recorded as in fig. 1, the sum of the tensions 2T developed in a 
series being determined and multiplied by 1, the length of the muscle between 
the electrodes (the part calibrated). The quotient ET1/H represents the total 
tension-length developed per unit of total heat set free. 
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It is possible, if desired, to analyse the curves of fig. 2 by means of a control 
curve of deflection obtained by 5 seconds of uniform heating of the dead 
muscle, and so to exhibit the actual heat-rate throughout the stimulation. 
Fig. 3 showB such an analysis for a case in which a delayed anaerobic heat- 



Fio. 3.—Analysis of the rate of heat-production during one-minute anaerobio stimulation 
with break shocks. For mochanical response, 31 twitches of uniform height, see fig. 1, 
experiment of 3.1.28. 

production doeB seem definitely to have ocourred, viz., the experiment of 3.1.28 
of fig. 1, and Table I. The twitches are of uniform height, but the rate of heat- 
production rises somewhat during the period of stimulation, and does not drop 
immediately to zero when the latter ends. Table I shows a delayed anaerobio 
heat of 11 per cent.- -determined m another way- -for this experiment. Several 
experiments, analysed in this manner, have shown a similar, though smaller, 
delayed heat. There is no doubt in such cases of its occurrence, but its amount 
is so small on the average—see Table II- -that it may be said practically to be 
absent. The analysis of the deflection records in this way gives information 
less reliable, and less easily interpreted, than the method now to be described. 

For the comparison of initial and total heat it is necessary to employ several 
single twitcheB before and after the series in which total heat is measured, 
and to record (a) the deflection, giving the initial heat, and (6) the tension in 
the isometric response. The mean value of Tl/H in these “ test-shocks ” is 
then calculated, and represents the tension-length developed per unit of initial 
heat set free. The average of Tl/U before and after the series is then compared 
with ST1/H in the series. If they be equal, the initial heat is equal to the total 
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heat; if the former be the greater, the initial heat iB less than the total heat, 
and the difference must be due to a delayed anaerobic heat-production. The 
value of the initial heat can be determined with conaiderable exactness in a 
twitch, the deflection being of the order of SO or 60 mm. on the aoale, readable 
to | ram., and the calibration accurate to within 1 or 2 per oent. Thus the 
comparison of initial with total heat by this method leaves little margin for 
error, and allows a definite decision to be reaohed as to the existence, or 
otherwise, of delayed anaerobic heat in a series of twitches. 

The assumptions made in the comparison are simple and readily admitted. 

A. —The maximum deflection of the galvanometer after a single twitch is 
taken as the initial heat; the deflection occupies only a few seoonds, and many 
analyses of photographic records of the thermal response to a short stimulus 
have shown that the maximum deflection is little, if at all, affeoted by delayed 
heat. 

B. —The area of the deflection-time curve has been taken as the total heat; 
the basis of this assumption has been given in the first paper of this series. 
The total heat-production associated with activity is certainly complete by 
the time the galvanometer has become steady again, and the curves have always 
been followed to complete steadiness. 

C. -Each umt in a scries of twitches at 2- or 3-sccond intervals has been 
taken as comparable with a single isolated twitch. A twitch at 15° to 20° C. 
occupies only a few tenths of a second, and an interval of 2 or 3 seoonds is 
relatively so long that no appreciable interference would be expected between 
successive units of the series. A careful examination of fig. 1 shows a close 
return to the base-line between twitches. Occasionally a very obvious treppe, 
or fatigue, or contracture, sets in during a series: this makes comparison 
doubtful, and such cases have been discarded. Only those experiments have 
been taken as significant in which the initial test-shooks, the final test-shocks, 
and the units of the senes were similar. In the three sets of records given in 
fig- 1 this similarity obviously exists. In such oases it would seem unlikely 
that the units of the series may not be treated as comparable with the individual 
twitches before and after. 

D. —It is assumed that oxidative recovery has been eliminated. In most 
cases purified nitrogen (less than 0-02 per cent. 0 t ) has been employed, some¬ 
times with cyanide vapour added. In three cases cylinder nitrogen (0*7 per 
cent. 0,) was used, but it happens that in these the total heat came out to be 
very slightly leas than the initial heat, an effect which could not possibly be 
jdpe to oxidation. 
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Results. 

In Table I three experiments are described in detail In fig 1 the mechanical 
records of these are reproduced, and in fig 2 the thermal response of the 
galvanometer for the first experiment only In fig 1 the three experiments are 
given separately below their dates In each the initial test shocks came first 
then the senes (one or more), and then the final test shocks Above or beneath 
each set is written the value observed of Tl/H, or of XT1/H, as appropriate 
In the first expenment (22 12 27) the total heat and the initial heat are, on the 
average, precisely equal, in the second (3 1 28) the total heat is 11 per cent 
greater than the initial heat, in the third (7 10 27) it is 5 per cent less In 
fig 2 the two curves differ slightly m shape, but in a maimer corresponding to 
their mechanical records (fig 1), and their two areas are equal. 

Table I 

Experiment of 22 12 27 —Phosphate Ringer, 20 mgr. per oent. P, pH 7 6, for 33 minutes 
then oxygen Two senes, total 124 shocks, in oxygen, with complete recovery Pore nitrogen 
after hours in oxygen After 20 to 30 minutes in nitrogen test shocks, hg 1, Tl/H — 4 73 
From 47 to 34 minutes galvanomoter steady to _L l mm Then Senes I m N a , 66 shook), 
mechanical response fig 1, galvanometer record fig 2, full hne H — 1136 nun sec — 1120 
grm cm 2TT *=* 1000 grm , 1 «■ 2 8 cm , STl/H. »4 75 After bones I the galvanometer 
remained displaced 10 mm irom its previous position, owing to the increment in resting heat- 
rate Then benes U m N |f 63 shocks, mechanical response fig 1, galvanometer reoord fig 3, 
broken hne H =* 1120 grm ora , ST 1805 grm , XT1/H — 4 61 Further steady displace¬ 
ment f galvanometer of 10 mm Then four test shocks in N,, Tl/H — 4 66 

Summary —J witches before and after, 11/H = 4*72 and 4 66, mean 4 63 
Senes 1 and 11, 27T1/H 4 75 and 4 61, mean 4 63 

Anaerobic delayed beat 0 per oent 

Expenment of 2 l 28 —Phosphate Ringei, 16 mgr pi r oent P, pH 7 2, pure nitrogen running 
through for 24 minutes, then Ringei replaced by cyanide nitrogen b test shocks, Tl/H * 5 37 
Then senes of 31 shocks in 1 minute, see fig 1 H 737 gim om, ST — 1304 grm, 

1 - 2 72 cm ZTI/H-4 81 finally, 6 test shocks, Tl/H — 5 27 

Nummary —Twitches before and after, Tl/H =» 5 37 and 5 27, moan 6*32 
benes, 27T1/H - 4 81 
Anaerobic delayed heat +11 per cent. 

Experiment of 7 10 27 —Phosphate Ringer, 16 mgr. per oent. P, pH 7 5, for 3 hours Then 
in oxygen, 41 twitohes and oomplet* recovery Then in cylinder nitrogen containing 0 7 per 
oent oxygen. 6 test shocks, Tl/H = 4 25 then 10 shocks not recorded then Senes I, 20 
twitohes, H — 370 grm om , ST I — 1710 grm cm , ST l/H — 4 62 then Series IT, 70 

twitohes, H — 1570 grm om , ZT1 — 6960 grm om , 27TJ/H — 4 42 then Benes in, 40 

twitohes, H « 786 grm om , 27T1 — 3480 grm. cm , STlfK — 4 44 finally, 3 test shocks, 
Tl/H - 4 30. 

Summary.—Twitohes before and after, Tl/H — 4 26 and 4 30, mean 4 27$ 

Senes I to ni, 2JT1/H — 4 62, 4 42, 4 44, mean 4 49, 

Anaerobic delayed heat — 6 per oent. 
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The results of 11 experiments bf this type are summarised in Table II. The 
experiments were all satisfactory from the point of view of treppe, contracture 
and fatigue, and of similarity of initial and final test-shocks to the units of the 
series. Individual variations are Been to occur, but not in any regular way. 


Table II.—Summary of Experiments comparing Initial and Total Heat 

under Anaerobic Conditions. 

The values given are of Tl/H (test-shocks) or ET1/H (series). 

The figures in brackets refer to the number of twitches in a series or group. 
The delayed heat is calculated from the ratio of Tl/H (twitohes) to ET1/H 
(shocks), subtracting unity from the result and expressing as a per cent. 


Date. 

Tort-ahooka, 


Series. 


Delayed 

Before. 

After. 

Mean. 

um 

II. 

m. 

Mean. 

Heat. 

4.1.28 

U 

7-47 (8) 

7-22 

7-24 (63) 



7-24 

Per cent. 
0 

20.12.27 

7-2 (8) 

7-4 (4) 

7*3 

7-3 (62) 

— 

— 

7*3 

0 

22.12.27 

4-72 (5) 

4*51 (4) 

4-01 

4-76 (65 

4-51 (63) 

—- 

4-63 

0 

12.10 27 

3*48 (5) 

3-67 (4) 

3-07 

3*07 (58) 

— 

— 

3-07 

- 3 

Ditto 

3*33 (3) 

3-62 (3) 

3-42 

3-52(50) 

— 

— 

3-52 

- 3 

after recovery 
6.2.28 

ran 

4*40 (3) 

4*41 

4-60(63) 


_ 

4-00 

- 4 

7.10 27 

WEM 

4-30(3) 

4-27 

4*62 (20) 

4-42 (79) 

4-44(40) 

4-40 

- 5 

25.1.28 

6-26 (9) 

6-20(4) 

6-22 

5-74 (32) 

— 

— 

5-74 

+ 8 

21.3.28 

7-67(4) 

— 

7-07 

6-98(51) 

— 

— 

6-08 

+ 10 

14.10.27* 


— 

3-07 (0) 

4-06(79) 

4-11(150) 

— 

4*08 

-10 

3.1.28 

S-37 (6) 

6-27 (3) 

5-32 

4-81 (31) 

-L 

— 

4-81 

+11 

7.1.28 

0-03 (0) 

6-80(6) 

6-01 

6 -25 (81) 

— 

— 

5-26 

+13 








Mean . 

+ 1-4 


* Two Mdea with tcaWhooka between. 


They must presumably be due, partly to experimental error, but mainly to 
unavoidable irregularities in the behaviour of the muscles. The average 
result, however, is clear. As the mean of 12 complete sets of observations 
onil different muscles, the total heat is found to be only 1 *4 per cent, greater 
than the initial heat. It may be concluded that rn a senes of twitches there it 
little or no delayed, anaerobic heat. 

This result is of importance, partly in connection with the “ balance sheet 
of the energy ahanges due to chemical processes involved in activity, partly 
in reference to recent assertions by Embdcn and his colleagues as to the place 
of lactio acid in contraction. The former will be considered in a subsequent 
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paper of this series, in which recent experiments on oxidative recovery after a 
series of twitches are described. The latter will be dealt with here. 

Discussion. 

On various occasions during the last few years Embden and his colleagues 
have attacked what they describe as the “ Meyerhof-Hill theory ” of muscular 
contraction. In 1926 Embden, Hirsch-KaufEmann. and Deuticke (4) claimed 
to have proved that a considerable proportion of the lactio acid liberated as 
the result of a tetanic stimulus is set free some time ojler, and not during, 
activity. Their experiments were repeated by Meyerhof and Lohmann (5), 
who found that the delayed liberation of acid is due solely to the excessive 
stimulation, the “ electrocution,” of the muscle. Tetanised through its nerve, 
or directly with a reasonable strength of current, a muscle liberates no 
measurable amount of lactic acid after its contraction is over. Furusawa and 
Hartrce (3) confirmed the existence of this result of excessive stimulation ;* 
employing “ an extra strong stimulus of short duration,” and allowing for its 
physical heat-production, they found “ a relatively enormous output of 
delayed heat, the total extra heat produced during a period of two or three 
minutes being well in excess of the initial heat itself.” Clearly there was no 
real evidence for a delayed lactic acid production normally occurring. 

Undismayed by this criticism, the validity of which they appear to admit, 
Embden, Lehnartz and Heutschel (6) repeated the attack on the “ Meyerhof- 
Hill theory ” in another form in a second paper, in which they concluded that 
a considerable part of the lactic acid set free in a series olindividual twitches 
is liberated in the intervals between them, and not during the contractions 
themselves. This statement was challenged by Meyerhof and Schulz (7), who 
showed that the experimental results on which their, conclusion was based 
were vitiated by important technical errors. For these the paper by Meyerhof 
and Schulz may bo consulted. 

The logic, moreover, by which Embden and his colleagues proceed would 
seem to be at fault. It will be shown below that a method such as they 
adopted could not possibly, under any conditions, throw light on the 
question of whether the lactio acid is liberated during, or after, the contraction. 
For that purpose other methods are required, and the experiments described 

• So far as evidence of delayed anaerobic heat can be found in Tables I and 11, it is 
probably to be attributed to the same cause, the excessive stimulation of a small proportion 
of the musole-fibres—those in immediate oontact with the electrodes where the outrent 
lines on most dense. 
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above in which the total heat ia shown to be equal to the initial heat, in b 
muscle without oxygen, would appear to leave no doubt as to the answer. 
Unless we suppose that lactic acid can be liberated without any corresponding 
heat-production—an alternative which need not be discussed, since the mere 
neutralisation of the acid produces heat—we are forced to the conclusion that 
the “ total ” lactic acid is equal to the “initial ” lactic acid, and that “ delayed ” 
lactic acid formation does not occur, except in a muscle subjected to excessive 
stimulation. 

The procedure adopted by Embden, Lehnartz and Hentschel (6) was as 
follows : a pair of upper-leg muscles from a frog were given 140 to 270 shocks 
in 30 minutes, one of the pair (A) being in oxygen, the other (B) in hydrogen. 
They examined the ratio— 

Lactic acid (B)—Lactic acid (A) 

Oxygen disappearance (A) 

If (i) the two series were comparable in respect of their mechanical responses, 
which presumably they are not owing to greater fatigue in (B), and (ii) the 
amount of oxygen dissolved in the muscle (A) were negligible, which—as shown 
by Meyerhof and Schulz—it is not, then the ratio would allow a calculation of 
the “ oxidative quotient,” as that term is defined by Meyerhof, viz., the ratio 
of lactic acid removed to lactic acid (or its equivalent of carbohydrate) 
oxidised. They found the oxidative quotient, calculated from their experi¬ 
ments, to vary from 1 - 6 to 11 *8, having a mean value of 7 and an average 
difference from the mean as high as 2-4. It may be remarked that Meyerhof 
and Schulz (7) in a repetition of these experiments, with proper experimental 
precautions, found a mean oxidative quotient of 4*7, a value similar to that 
determined in a variety of other ways. The high values of their quotients 
Embden and his colleagues explained by the hypothesis that “ during activity 
in hydrogen more lactic acid is formed,” and they concluded that “the 
assumption underlying the Mcyerhof-IIill theory—namely, that the total 
energy set free during contraction can be ascribed to the exothermic trans¬ 
formation of carbohydrate into lactic acid and the neutralisation processes 
following thereon—can no longer be maintained!” 

Various experiments—for example, those by Weisz&ckor (8) and by Hartree 
and Hill (9)—which are confirmed by observations, to be recorded in a later 
paper of this series, have shown that the initial heat (contraction and relaxa¬ 
tion) is the same, for a given mechanical response, in the presence and in the 
absence of oxygen. From this Embden and his colleagues conclude that the 
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lactic acid formation in the initial phase is the same both in oxygen and in 
hydrogen. Hence, if the muscle in hydrogen liberates more total lactir acid, 
that substance must be produced after and not during the contraction. In 
this case a curious paradox arises, which Embden, Lehnartz and Hentschel 
apparently did not notice. If, in hydrogen, lactio acid is liberated after the 
contraction is over, and if this delayed lactic acid production is part of a 
normal process, it must presumably occur also in a muscle ha nging in an 
atmosphere of oxygen, being followed later on in the latter case by the reactions 
causing an oxidative removal of the acid. There would seem no reason why a 
process occurring in the one case should not occur ako in the other; the 
conditions in the interior of the muscle are similar in both, since during 
stimulation in oxygen the interior of the muscle is in a state of considerable 
oxygen-want, as shown by the fact that lactic acid accumulates in it. If, 
“however, a delayed lactic acid formation occurred in either case, recovery 
being possible only in one, the oxidative quotient would remain unchanged, so 
that their high value of the oxidative quotient cannot be explained in this 
way. • 

tt is necessary, if we adopt the explanation of Embden pnd his colleagues, 
to assume that there is a delayed lactic acid formation in the interior of a 
muscle whose surface is in contact, with hydrogen, and that there is no such 
delayed lactic acid formation in the interior of a musole whose surface is in 
contact with oxygen. The difficulty of such an assumption would appear to 
invalidate their explanation, even if their experimental results were admitted. 
It is obvious, indeed, that no decision of the question of whether there is, 
or is not, a delayed lactic acul formation after a contraction oan be arrived at 
by experiments relating to the oxidative quotient, since, on any reasonable 
hypothesis, a delayed lactic and formation would also require oxygen for Us 
reversal , and therefore would cause no change t n the. oxidative quotient. It is clear 
that a decision can be reached only by studying tho lactic acid formed during 
contraction alone, and comparing that with the total lactic acid liberated during 
contraction and in a subsequent period of suitable duration. Since, however, 
the lactic acid formed in a single twitch is much too small to be measured by 
chemical means, the only way of deciding the matter, in the case of a single 
twitch, is by experiments on tho heat production, and the results recorded above 
appear to show that no lactic acid formation occurs after the processes of 
contraction and relaxation are complete. 
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Summary. 

1. A method is described by which, in the absence of oxygen, the “ initial ” 
heat-production in a muscle twitch can be compared with the “ total ” heat- 
production. The two are found to be very nearly equal. 

2. Hence, in a muscle twitch, there is little or no delayed anaerobic heat- 
produotion. 

3. Since lactic acid cannot be formed without heat-production, it follows that 
there is no delayed lactic acid formation ; the lactic acid muBt appear entirely 
during contraction and relaxation. 

4. The contrary conclusion of Embden, Lehnartz and Hentsohel, the 
experimental basis of whose work has been criticised by Meyerhof and Schulz, 
is shown to rest on imperfect reasoning ; the method they adopted could not 
lead to a decision of the question. 

The expenses of this research have been borne by a grant from the Foulerton 
Fund of the Royal Society. 
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The Recovery Heat-Production in Oxygen after a Series of 

Muscle Twitches. 

By A. V. Hill, F.R.S. 

(Received May 8, 1928.) 

(From the Department of Physiology and Biochemistry, University College* London.) 

Experiments determining the recovery heat-production in oxygen, after 
a short tetanic stimulus have been described on various occasions, e.g., by 
Hartree and Hill (1) (2) and by Hartree and Liljestrand (3). In employing 
the results of these experiments to calculate the “ oxidative quotient for 
.lactic acid ” as defined by Meyerhof (see, for example (4). p. 567). vis.: 

_ (Lactic acid removed in recovery) 

(Lactic acid —or carbohydrate equivalent—oxidised) 

a complication arises in respect of the anaerobic delayed heat (see 1, 5 and 6). 
It has been assumed that in calculating the ratio, 

(Heat in oxygen) 

(Heat in absence of oxygen) 

the denominator should include not only the initial, but the delayed anaerobic 
heat. The uncertainty as to the nature and origin of the latter has introduced 
a certain clement of doubt into the calculation, and the result, of the preceding 
paper, showing that in a series of separate twitches there is little or no anaerobic 
delayed heat- and, therefore, no delayed lactic acid production--has made it 
desirable to determine the recovery heat also for that case 

The experiments to Ik* described below have been devoted to this purpose, 
and have given a mean ratio of oxidative to anaerobic heat of 2*07, which 
leads to an “oxidative quotient ” of 4*81, a value extremely close to the 
latest determination, 4-7, made by Meyerhof and Schulz by a different method. 
The methods employed have been, in all respects, the same as those described 
in previous papers of this series. The lioAt in a succession of twitohes, in 
oxygen or nitrogen, has been determined from the area of the deflection-time 
curve of the galvanometer, the isometric response being simultaneously 
recorded on a drum. The totAl heat for a given isometric response in oxvgen, 
up to complete recovery, has been compared with the total heat in nitrogen: 
the ratio of these two heats gives the quantity required 
In fig. 1 the lower record is of 51 isometric twitches in 2 minutes 40 seconds 
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in oxygen; the upper record, tghich is almost precisely similar to it, is of 
51 isometric twitches of the same muscle an hour later in pure nitrogen. 


CL 


b 



51 twitches in 
nitrogen, 

iTl/H* = 6-98. 


51 twitches in 
oxygen. 

2TI/Ho = 3*03. 


Fig. J.—Two similar series of Isometric twitches, in oxygen (lower record) and in nitrogen 
(upper reoord). Read from left to right. Ho is the total heat in oxygen (including 
recovery): H* is the total heat in nitrogen. For simultaneous heat records, see 
fig-2. ‘ 

In fig. 2, curve (A) represents the galvanometer deflection due to the heat- 
production in oxygen; curve (B), that caused by the heat-production in 
nitrogen. Curve (B) reaches a constant, level in less than 10 minutes : curve 
(A) continues to fall to its base-line for 40 minutes. The last part of curve (A) 
is inset on a different scale, five timeB the scale of deflection, one-fifth the 
scale of time; this device makes the fall more obvious, and enables the last 
part of the area of the curve to be determined with greater accuracy. As 
pointed out in the second paper of this series, the resting heat-rate of a surviving 
muscle m oxygen continues slowly to fall for long periods; after 40 minutes 
the galvanometer deflection corresponding to this heat-rate is 8 mm. less than 
it was at the beginning.* Consequently the base line is drawn sloping. On 
the original Beale this can barely be detected : in the inset it is 20 times as 
great, and is obvious. The total heat in oxygen H 0 is given by the area of 
curve (A) above its base-line. In this case ZT1/H 0 = 3*03. The resting 
heat-rate in nitrogen, on the other hand, receives a permanent increment as 
the result of stimulation. The deflection is finally 20 mm. more than it was 
initially. This increment, as described in previous papero, is supposed to 
occur uniformly during stimulation: consequently the base-line consists of 
two parts, a sloping one during the period of stimulation, and a horizontal 

* In the figure the line of zero deflection is not gAlva nometer-zero, but in chosen to 
coincide with the position at the beginning of each experiment. 



Galvanometer Deflect. 


Recovery Heat-Production in Oxygen. 165- 


one aftartntfds. The total heat in nitrogen, Hu, is given by the area of curve 
(B) above its base-line. In this case, STl/H^ = 6*98. The ratio of these 



Fie. 2.—Galvanometer rcooids of heat-production in the two series of muscle twitches 
of fig. 1 (A) in oxygen, (B) in nitrogen, each 51 twitches in 2 mins. 40 secs. The 
total heat is given by the area of each curve above its appropriate base-line. Inset, 
the later part of ourvo (A), reduced in scale five times horizontally, increased five 
times vertically. 

two quantities, vis., 6 • 98/3 -03, is 2*30. which represents the “ recovery ratio 
for heat.” 

It will be seen that curve (A) begins to diverge from curve (B) in 15 or 25 
seconds, and goes far above it during the period of stimulation. It is possible 
by constructing a “ control ” curve for a uniform heating of 5 seconds’ duration 
to analyse such curves, and fig. 3 represents an analysis (by my colleague, 
Mr. W. Hartree) for the case of 73 shocks applied to a muscle in 4 minutes in 
oxygen. The original deflection-time curve is not given. The line of dots (B) 
reproduces the heights of successive twitches in the series. Curve (A) represents 
the rate of total heat-production, as yielded by analysis, dropping instantly 
at the end of stimulation to a level representing recovery-heat only. Tho 
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amount of sudden drop is a measure of the rate of “ initial ” heat-produotioa 
towards the end of the period of* stimulation. The level of ourve (A) at the 



FU. 3.—Arulysu of the rate of heat-produotioa (initial pins nooveiy) dnnng and after 
a leriee of 73 muscle twitohes in oxygen. At the end of stimulation the curve drops 
instantly since the initial heat is no longer being produced. The later stages, to 
complete recovery, are not shown. Curve (A), rate of total heat-produotion; curve 
(C) deduoed rate of initial heat-production; excess of (A) over (C), rate of recovery 
heat-produotion. Ourve (B), height of isometric twitohee of series. The existence 
of a maximum in ourve (A) is attributed to the exhaustion of the dissolved oxygen, 
and an insufficient supply by diffusion. 


beginning, before the recovery process has begun, gives the rate of “ initial ” 
heat-production at the beginning. Th6 two points so determined allow us to 
draw in the broken line (C), giving the rate of “ initial ” heat-production: (G) 
runs olosely parallel to (B), the mechanical response. The slight drop in (A) 
at the beginning is fortuitous: the mechanical responac showed a similar fall 
at the beginning, with a rise later on. The recovery process begins to cause 
a rise in carve (A) in about 26 seconds; it takes this time for the recovery 
process to work up to an appreciable magnitude. 
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An interesting feature of the curve is that it reaches a maximum in about 
8J minutes. At this point, presumably, part of the muscle ceased to be supplied 
with oxygen, and had exhausted that originally dissolved in it: the increased 
oxygen-usage of the outer layer prevented sufficient from reaching the interior 
by diffusion. From that stage onwards the course of the curve is determined 
largely by the speed of diffusion of oxygon inwards. 

Eight experiments have been performed in thiB way, on muscles in good 
condition and exhibiting a low resting heat-rate in nitrogen. If the series in 
oxygen and in nitrogen were not strictly comparable, the experiment was. 
discarded. Results are given in Table I. 

Table I.-—Determination of the Recovery Ratio for Heat-Production. 

The values given are for £Tl/H 0 anil ETl/H N as appropriate. 

The “ ratio ” is obtained by dividing the latter by the former. Figures in 
brackets refer to the number of twitches in the series. The order of the- 
experiment is followed. 

Experiment of 2.1.28. Oxygen, 2 16 (30), 2-15 (20); oxygen-HCN, 5 12 (20) Ratio, 2-38, 

„ 21.3 28. Oxygen, 3-03 (61); nitrogen, 6-98 (61). Ratio, 2-30. 

„ 12.10.27. Oxygen, 1-61 (66), 1-69 (56); nitrogen, 3-67 (58), 3 62 (50). 

Ratio, 2 • 18. 

„ 10.10.27. Oxygen, 1 09 (60), 1-78 (80); nitrogen, 3 00 (60). Ratio, 2 13. 

„ 7.10.27. Oxygen, 217 (36); nitrogen, 4-62 (20), 4-42 (70), 4-44 (40); 

Oxygen, 2-36 (38). Ratio, 1-99. 

„ 20.12.27. Oxygen, 3-71 (62); nitrogen, 7-30 (62). Ratio, 1*97. 

„ 22.12.27. Oxygen, 2-44 (62), 2-44 (62); nitrogen, 4-76 (66). Ratio, 1 95. 

„ 22.3.28. Oxygen, 4 08 (77), nitrogen, 6*72 (78). Ratio, 1 65. 

Mean value of ratio =* 2-07. 

The mean value of the ratio of oxidative to anaerobic heat, for a given 
mechanical response, is 2*07. The variation is rather large, much too large 
to be attributed to errors of observation or adjustment. It is probably due to 
a change in the isometric heat-coefficient Tl/H during the course of an 
experiment. Such changes do occur, although in a random way, and it is 
implied in the procedure adopted that Tl/H, where H is the initial heat, is 
the same in both series. The average divergence from the mean value is 
± 0*18, which would give a probable error of the mean of about ± 0*05, about 
2$ per oent. The accuracy is sufficient for the purpose. 

We may now calculate the “ oxidative quotient.” Let ns assume that the 
production of 1 gram of lactic acid in the initial phase of contraction is accom¬ 
panied by the liberation of 385 calories. Then the total heat in contraction 
and recovery is 385 x 2*07 = 797 calories. The oxidation of 1 gram of 
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dimolved glycogen (C«Hi|Oi)„, see Slater (7), yields 3,836 calorics. Tie ratio 
of these quantities is 4*81, which is the “ oxidative quotient.” In the latest 
experiments by Meyerhof and Schulz (4, p. 568), involving measurements of 
lactic aoid formation and oxygen consumption, the mean value is 4*7. Np 
better agreement oould be desired. The consistency of such results makes it 
difficult to imagine that lactic aoid will be deposed from its key position in the 
theory of muscular contraction. 

The experiments described represent the most accurate way of approaching 
the problem. Another way, however, is possible; the anaerobic and the 
oxidative processes can be completely separated from one another. A muscle 
is caused to give a series of twitches in nitrogen and its total anaerobic heat- 
production is measured. Oxygen is then admitted to the thermopile chamber, 
sufficiently slowly to cause no temperature disturbance, and the recovery 
process ensues. The experiment is a dramatic one to witness. Within a few 



Fio. 4.—Galvanometer defleotion recording heat liberated on admitting oxygen to 
a a muscle previously stimulated in nitrogen. The total heat is given by the area of 
the onrve above its base-line. Heat liberated in 70 twitches in nitrogen 11100 
gr.-oms. per grm.: heat liberated in recovery 11400 gr.-cma. per grm. 

Non.—To save spaoe the curve and its base-line are drawn twice across the same 
diagram. 
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Moondi of admitting the oxygen the galvanometer spot begins to move, and it 
remains away from its base-line for a long period. The course of the deflection 
is shown in a typical experiment in flg. 4, where about 0*27 calorie per gram 
was liberated in recovery. The curve —to save space- -is drawn twice across 
the same diagram. The base-line, joining the initial to the final level, also 
appears twice. The total heat liberated in recovery is given by the area of 
the curve above the base-line. Such a curve could be analysed by means 
of a control curve made, by artificial heating, to exhibit the rate of heat- 
production throughout recovery ; the result, however, would depend mainly 
upon the speed of oxygen diffusion into the interior of the muscle, a matter 
of little interest in the present connection , only the total heat, therefore, has 
been calculated. The results of three experiments are given in Table II. 

Table II.—Heat-Production in Separate Recovery. 

The ratio given is of (recovery heat -j- initial heat) to (initial heat). 

JSrperiment of 20.3.28. 70 twitches in nitrogen. H~ 11100 gr -cms. per grm. 

Recovery in oxygon. H 11480 „ „ 

Ratio, 2 OJ. 

„ 22 3.28. 78 twitches in nitrogen II " 9040 gr -onw per grra. 

Recovery in oxygen. H !W00 „ „ 

Ratio, 2 Oo. 

„ 21.3.28. 51 twitehca in nitrogen. H — 0900 gr.-ems per grm. 

Recovery in oxygen. H — 114fi0 ,, ,, 

Ratio, 2'6G. 

With such a small number of experiments it would obviously not bo just to 
base any argument on the mean value, which is 2*25 It is clear, however, 
that this method yields results of the same order of magnitude as the preceding 
one.* 

There is one further point, in connection with the role of oxygen in muscular 
contraction, of which confirmation by improved methods may seem desirable. 
It was shown by Weizsacker (8) that the magnitude of the initial heat- 
production is the same, whether the muscle be in oxygen or in nitrogen. 
Hartree and Hill (9) proved that the time-relations of the initial heat are 
unchanged by replacing one gas by thu other. During the course of the present 
experiments a number of observations have been made, in oxygen and nitrogen, 

* It has been found that if stimulation bo prolonged, recovery is not complete, or is 
extremely protracted; the recovery inochamsm apparently is injured by too muoh 
Anaerobic activity. This may bo related to the degenerative processes induced by 
■anaerobio stimulation (see the second paper of this series). 
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on the isometrio heat coefficient Tl/H in a muscle twitch, H being the initial, 
heat. The following experiment may be quoted in full:— 

Experiment of 0,10.27 Six tett-ahocka in oxygen, Tl/H 4*82: 05 ahoola in O a Mid 1 
moo very : 3 teat-shooka in Op Tl/H 4*59, Six te»t-»hock» in nitrogen, Tl/H *■ 4*67 : 
79 ahooks in N,: 6 teat-shooks in Np Tl/H = 4*97, Three teat-ahooka in oxygon, Tl/H =» 
5*01 : 30 shook* In O a : 2 test-shock* in Op Tl/H -■ 4*47, Bight teot-ahooka in nitrogen, 
Tl/H ■= 4*60 : 00 shooka in N,: 3 teet-ahoeka in Np Tl/H =■ 4*80, Thirty ahooka in oxygen: 
3 test-shocks in Op Tl/H =* 4*64 . Six test-shocks in nitrogon, Tl/H =■ 4*65, 

Summary, Mean Tl/H all oxygon observation* — 4*71. 

Mean Tl/H all nitrogen observations 4*74 


This experiment lasted all day, the muscle maintaining its condition through¬ 
out. The response at the end was as great as at the beginning. Fluctuations 
occur in the coefficient Tl/H, perhaps due to alterations in the alkalinity of 
the muscle, but on the whole the effect of changing from oxygen to nitrogen 
is seen to be negligible. The results of four other experiments may be quoted. 


Experiment of 7.10 27. 
„ ' 12.10.27. 

„ 21.3.28. 

„ 29.0 27 


Values of Tl/H in O,, 4-1 and 3-95, mean 4-02. 

Values of Tl/H in N„ 4-2fi and 4 30, mean 4 27. 

Tl/H in 0 ( , 3*24 and 3-28, moan 3*28. 

Tl/H m N g , 3-48, 3 07, 3-33, 3-52, moan 3 50. 
Tl/H in 0,. moan 7-63. 

Tl/H in N„ mean 7-67. 

No calibration . T/H m arbitary units ■ 

In Og, 4 7, 4 6, 4-7, 4-3, moan 4 6. 

In N„ 4 5, fi 3, 4-8, 4*9, moan 4-9. 


There is seen to be a tendency for the value of Tl/H in nitrogen to be slightly 
higher than in oxygen, the heat, per unit of tension developed, to be slightly 
greater in oxygen, or perhaps the tension per unit of heat to be slightly less. 
The difference, on the average, is only about 4 per cent., and is probably of no 
significance. The muscle kept in oxygen, with its recovery process complete 
and all lactic acid removed, tends to be slightly too alkaline to give its greatest 
value of Tl/H, while in nitrogen the optimum pH is more nearly approaohed 
and the coefficient rises a little. It is clear that, apart from a possible small 
effect of this kind, the isometric heat coefficient is unaffected by a change from 
oxygon to nitrogen, so that the initial procetsx w entirely non-oxidative in nature. 


Summary. 

1. Experiments are described in which the total heat set free as the result 
of a series of muscle twitches in oxygen is compared with the total heat from 
a similar series in nitrogen. The ratio (heat in oxygen): (heat in nitrogen); 
has a mean value of 2'07. 
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2. Since, in the case of a series of twitches, there is little or no delayed 
anaerobic heat, this ratio can be used directly to calculate the “ oxidative 
quotient for lactic acid ” (Meyerhof). The value bo calculated is 4*81. This 
agrees well with the mean value, 4-7, of Meyerhof and Schuls, deduced from 
experiments involving measurements of lactic acid formation and oxygen 
consumption. 

3. By stimulating a muscle in nitrogen and measuring the heat produced, 
then admitting oxygen and measuring the recovery heat, it is possible com¬ 
pletely to separate the heat-production of the two phases. Such experiments 
lead to results which are consistent with those described above. 

4. The “ isometric heat coefficient ” of a muscle twitch, Tl/H, where H 
is the initial heat, is shown to be the same in oxygen and in nitrogen. The 
initial heat, therefore, is entirely non-oxidative in nature, agreeing with the 
conclusions of Weiss&cker and others. 

The expenses of this research have been borne by a grunt from the Foulerton 
Fund of the Royal Society. 
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REPORT 

OF THE 

GLASS WORKERS’ CATARACT COMMITTEE. 

The selection by a Departmental Committee of the Home Office in 1906 of 
diseases which should be added in the Third Schedule of the Workmen’s Com¬ 
pensation Bill, 1906, brought into prominence the occurrence of “ a form of 
cataract, commencing in the posterior cortical region of the lens, almost 
peculiar to persons exposed to the glare and heat ” from the furnaces used 
in glass blowing. The details of this disease at that time available were well 
summarised in a Report to the Home Office by Dr. T. Morison Legge, H.M. 
Inspector of Factories (1907). 

The Secretary of State wrote to the President of the Royal Society (Lord 
Rayleigh), asking “ whether elucidation of the physical and physiological 
problems involved could properly be made the subject of an enquiry by a 
Committee of the Royal Society ” (April 7,1908). The Council of the Royal 
Society thereupon appointed a Committee “ to enquire into and report on 
the physical and physiological problems involved in the disease known as 
Glass Workers’ Cataract ” (June 18, 1908). The Committee consisted of 
Sir W. Abney, Sir Clifford Allbutt, Dr. H. K. Anderson, Prof. J. Rose Bradford, 
Dr. G. J. Burch, Sir W. Crookes, Messrs. Marcus Gunn, E. Nettleship, J. II. 
Parsons, and Dr. A. D. Waller. 

At the first meeting held on July 3, 1908, Sir William Abney was elected 
chairman. A Sub-Committee consisting of Dr. Anderson, Dr. Burch, Mr. 
Gunn, and Mr. Parsons was appointed to visit some of the principal glass fac¬ 
tories ; and a Sub-Committee consisting of Dr. Anderson, Dr. Burch, Sir William 
Crookes, Mr. Parsons and Dr. Waller was appointed to carry out experimental 
investigations into the problems submitted to the Committee. 

In August and September, 1908, the Visiting Sub-Committee inspected 
glass works at Sunderland, Southwick, Gateshead, and St. Helens, and cases 
of cataract in glass workers were examined. The thanks of the Committee 
were subsequently conveyed to the owners of the works, and to Dr. William 
Robinson and Dr. H. C. Dixon for collecting cases. ' 

The clinical investigation confirmed the existence in bottle makers of a 
characteristic form of cataract, showing a dense well-defined disc of opacity 
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in tie centre at tie posterior cortex, not infrequently surrounded by slightly 
irregular hazy opacities. 

The typical condition is common in the makers of heavy glass bottles (beer 
bottles, etc.), and probably also in the makers of plate glass, though the Sub. 
■Committee had no opportunity of proving this point. It is uncommon in the 
makers of pressed glass ware, and seems to be quite absent among the makers 
of flint glass bottles. It is to be noted that the conditions are quite different 
in the tank furnaces used in the manufacture of beer bottleB from the con¬ 
ditions in the pot furnaces used for flint glass bottles and pressed glass. The 
temperature in the former greatly exceeds that in the latter. 

At a later period (1910) Mr. Parsons, during a visit to the United States, 
took the opportunity of visiting the Salem Glass Works in New Jersey. He 
reported as follows :— 

“ The main feature in which these works, which are devoted to the manu¬ 
facture of bottles, differs from the English bottle works inspected by the 
Sub-Committee is in the use of machines for blowing and moulding the bottles. 
By each of these machines, 300 dozen large or 600 dozen small bottles are made 
in 8 hours. The gathering of the metal is not automatic, but is performed by 
‘ gatherers ’ who work in half-hour shifts and are much exposed to the glare 
of the furnace. The bottles are finished by a * finisher,’ who uses an oil 
furnace in which he softens the mouths of the bottles and moulds them, but 
does not apply a ring of fresh ‘ metal ’ as in England. 

“ The temperature of the tank furnaces is recorded by a Brown electric 
pyrometer, and a temperature of 2300° F. is aimed at. In one furnace the 
pyrometer registered 2260° F. at the time of my inspection. I was informed 
that probably the pot furnaces were nearly as hot as the tank.” 

He was able to examine ophthalinoscopically the eyes of nine men, two of 
whom showed slight cataractous changes, but the appearances were not 
typical of Glass Workers’ Cataract. Since this form of cataract is commonest 
in ” finishers,” who are the most skilled men and have worked longest at the 
trade, it is probable that the introduction of blowing bottles by machinery has 
eliminated much of the danger. It may be stated that ui recent years 
machine-blowing has largely replaced blowing by mouth in England. 

The Sub-Committee considered that if the cause of the disease is connected 
with exposure to light and heat, it might be expected to occur in ironworkers 
A letter enquiring into this matter was sent to 73 British ophthalmolo¬ 
gists and 65 American ophthalmogists, but no evidence of the incidence 
• of this form of cataract in iron workers could be obtained. It was only long 

9 2 
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afterwards (1921) that indubitable evidence of its occurrence was obtained 
(vide itrfra). 

The Sub-Committee recommended:— 

(а) Detailed investigation of the physical conditions; and 

(б) Investigation of the transmission of radiant energy through the media of 

the eye. 


Physioal Conditions. 

The physical conditions were investigated by Sir William Crookes, and are 
contained in the following report (April, 1909):— 

Accompanied by Mr. Gardiner, my assistant, I visited the Glass Bottle Works 
of Messrs. Nuttall A Co., St. Helens, and carried on some experiments there, on 
March 28 and 29, 1909. The object of the visit was to take photographs of the 
spectrum of the radiation emitted by the molten glass, and thereby gain information 
as to the rays likely to injure the eye a of the workmen most frequently exposed 
to the radiations. 

When we were there light green bottle glass was being made. The mixture is 
composed of silica, sodium sulphate, and caloium carbonate or sulphate. The 
materials are melted in a large fire-brick tank, heated by a flaming mixture of gas 
and air playing on the surfaoe. The gas is made some distance from the furnace 
in a “ producer,” and gas and air are conducted by separate channels to the upper 
part of the tank, where they mix and bum like a gigantic Bunsen burner, reverber¬ 
ating from the arched roof and heating the glass mixture to the highest degree. 

The area of the tank of molten glass is about 82 square yards, and it contains 
from 300 to 300 tons of the mixture, technically called “ metal.” There are 
several such tanks in the works. The tank is divided into two unequal parts by 
a fire-clay partition, having at the lower part an opening through which the melted 
glass can flow. The larger portion of the tank has a surface of about 63 square 
yards. Here the materials are melted together at a high heat. This is called the 
“ melting end,” and when the mixture is well fused and homogeneous the molten 
glass flows through the opening into the “ working end ” of about 19 Bquare yards, 
where the heat is less and the glass is in a viscous state. Fire-clay rings of about 
18 inches internal diameter and a foot deep float on the surface of the viscid glass, 
and any scum which is on the surface of the tank is thereby kept from contaminating 
the surface of the glass inside the ring. One ring floats opposite each working 
opening, and the workmen withdraw the requisite quantity of glass for each 
operation from the inner surface of the ring. 1 

The light from the melting end of the tank, viewed through a working opening, 
was a very brilliant white with a tinge of orange, and it was only with difficulty 
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that die unprotected eye could make out any details* Viewed through dark blue 
glasses the surface of the metal in the tank appeared a boiling seething mass in 
oonstant oommotion. The surfaoe in the working end was more easy to see. It 
was of a bright yellow incandescence, and was comparatively quiet. It is not at 
all certain what the temperatures are at each end of the tank. Mr. Nnttall told, 
me that approximate measurements taken many yean ago with an old form of 
resistance pyrometer gave the temperature at the melting end at 2200° C., and that 
at the working end at 670° C. I should not estimate the difference between the 
two ends to be so great, and I think 2200° C. is too high. It would be of interest 
for this enquiry to ascertain the actual amount of radiant heat to which the work¬ 
men’s eyes are exposed, and I regret I had not with me a Fery resistance pyrometer, 
with which accurate measurements of the temperatures could have been taken, with 
an. error of less than 10° C. 

About each opening, especially at the melting end, thin white vapours were 
noticed, rising and settling on the surrounding cooler parts. A piece of paper held 
in this vapour instanUy ignited. Examined with a hand spectroscope the yellow 
line of sodium was seen to be brilliant in this vapour, but the light from the molten 
glass showed a continuous spectrum in which the sodium line was seen only 
occasionally. On one or two occasions a black line was seen in place of the yellow 
sodium line, showing a reversal. (This reversal is seen on photographs Nos. 1 and 2.) 
Some of the condensed vapour was collected from the cool sides of the working 
opening and examined chemically. It was found to consist principally of sodium 
and calcium sulphates, with a little sodium ohloride. 

The spectrograph used for taking photographs of the radiation from the molten 
glass is the one I described in ‘ Roy. Soc. Proc.,' vol. 66, p. 237, May, 1899. It has 
two quartz prisms, eaoh made up of two halves, one half being right- and the other 
half left-handed, according to Cornu’s plan for neutralising the effect of double 
refraction. The collimating and camera lenses and the double condensers are also 
of quartz cut in the same fusion. The slit jaws are made of two aoute-angled 
quarts wedges, edge to edge. The refracting prisms are of 60° angle, and each face, 
is 35 mm. by 42 mm. The lenses are 52 mm. diameter and 350 mm. focus. The 
condensers are piano-cylindrical, one being double the focus of the other. In order 
to ascertain the exact position of any part of the speotrum I might obtain from the 
radiation from the molten glass, I took photographs on eaoh plate of an alloy of 
equal molecular weights of zinc, cadmium, tin and mercury. This alloy gives, 
throughout the photographic region, lines, the wave-lengths of whioh are well 
known. 

The instrument was pointed downwards, so as to allow the radiation from the 
surface of the melted to enter the condensers, prisms, and slit along the axis; 
and to prevent the great heat injuring the spectrograph Mr. Nuttall allowed the 
opening to be bricked up, leaving a hole a few inohes square in the middle. This 
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«u covered with an iron plate with a 2-inch hole in it, and over this a quarts 
plate was fixed. 

Wratten and Wainwright’s panchromatic films were used. These are sensitive 
beyond X 7800 in the ultra-red, and to the highest ultra-violet rays which will pass 
through quarts. Flexible films had to be need in preference to glass, as they had 
to follow the curvature of the focal plane. Many preliminary experiments were 
made to ascertain the extent of spectrum to be recorded, its best position on the 
films, and the exposures needed. The slit of the instrument was generally placed 
aboot 4 feet from the molten surface, and it was found that from 10 to lfi minutes 
were required to produce a faint image on development. 

No. 1 photograph* (see Crookes, * Phil. Trans. Roy. Soc.,* A, vol. 214, p. 1 (1914)) 
was taken at the working end of the tank, where the temperature was lower than 
at the other end. An exposure of 20 minutes was given, the width of the slit 
being 0-025 mm. 

No. 2 photograph was taken in the same conditions as No. 1, but with an exposure 
of 45 minutes. On each film immediately before the radiation picture was taken, 
a photograph of the spark spectrum of the quadruple alloy was impressed on the 
film, in such a position that the two spectra would overlap to a very slight degree. 
Rach photograph is mounted with a coloured drawing of the visible spectrum of 
daylight below it, so that the rays which enter the eye as light are seen as impressed 
m the photograph. 

No. 3 photograph was taken at the melting end where the heat was fiercest. 
The width of the slit was reduced to 0-01 mm., and an exposure of half an hour 
was given. 

No. 4 photograph, at the melting end, was exposed for 1 hour. 

No. 5 photograph, at the melting end, was exposed for 2 hours. 

No. 6 photograph, also at the melting end, was exposed for 3 hours. 

It was not found practicable to give longer exposures than this. 

While these experiments were going on, experiments at. another opening at the 
hottest end were tried to see if X-rays were to be detected. Sensitive films were 
wrapped in black paper and then in lead foil in whioh designs had been out. These 
were exposed for varying lengths of time to the radiation from the molten glass as 
near at it was safe to put them, bearing in mind that the heat might affect the films. 
On development, no image of any of the stencil designs oould he detected on any 
of the films. 

* 

A careful examination of the six photographs shows a general progressive 
character, the extent of spectrum photographed extending each way as the length 
of exposure increases. It will be noticed that there is a part of the spectrum round 

* [These photographs, and the diagram mentioned on the next page, were apparently 
submitted to the Committee at one of its early meetings. They were not reproduced 
m the ‘ Phil. Trans.' paper and do not appear to be now m existence.] 
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about wave-length 6060 giving a very faint impression. This is most noticeable 
in No. 2 photograph. This I attribute not to any lack of radiation in that part of 
the spectrum, but to a deficient sensitiveness in the photographic films used. 

The extent of spectrum embraced in the photographs is shown conveniently 
in the following tabular form :— 

No. 1 photograph, exposed 20 minutes, includes wave-lengths 4620 to 6900. 

No. 2 photograph, exposed 46 minutes, inoludes wave-lengths 4320 to 7200. 

No. 3 photograph, exposed 30 minutes, inoludes wave-lengths 3790 to 7600. 

No. 4 photograph, exposed 60 minutes, inoludes wave-lengths 3640 to 7600. 

No. 5 photograph, exposed 120 minutes, inoludes wave-lengths 3696 to 7700. 

No. 6 photograph, exposed 180 minutes, includes wave-lengths 3346 to 7800. 

In connection with the above table the following soale for identifying colours 
with wave-lengths will be useful:— 

Wave-lengths 7230 and below = Infra-red. 

From 7230 to 6470 = Red. 

„ 6470 „ 6860 = Orange. 

„ 5850 „ 5760 = Yellow. 

„ 5760 „ 4920 =■ Green. 

„ 4920 „ 4560 = Blue. 

„ 4550 „ 4240 = Indigo. 

„ 4240 „ 3970 — Violet. 

„ 3970 and above = Ultra-violet. 

Neither of the above tables makes any pretence to scientific acouracy, but they 
are convenient approximations. 

Taking the ordinary limits of visibility to extend from wave-lengths 3970 to 
7230, it is seen that with an exposure of 3 hours to the highest heats the strength 
of impression does not extend inuoh into the ultra-violet, the region of greatest 
wealth in ultra-violet rays being practioally blank. The heat rays at the red end 
are, however, very strong, and if it is proved that injury to the workmen's eyes is 
caused by exposure to the radiation from the molten glass, it is, in my opinion, the 
heat rays, rather than the ultra-violet rays, that are to blame. 

I have measured the opacity of the photographic image of spectra Nos. 2 and 6 
in many places along the line by means of Mr. Chapman Jones’ “ Opacity Meter." 
The results, in the form of ourves, are shown on the accompanying diagram. 

There is a particular tint of pale green glass used in the Palm House at Kew 
whioh has been found to be opaque to the extreme and ultra-red rays (the“ sooroh- 
ing ” rays) while it scarcely at all interferes with the rays of light. Spectacles or 
screens made of this glass might be of use in glass works if the workmen would use 
them. 

William Cboous. 

April 10, 1909. 
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'Experiments on the transmission of radiant energy by the media of the 
eye fell into two parts, that of the visible and ultra-violet portion of the 
spectrum and that of the infra-red. 

Luminous and Ultra-Violet Radiation. 

Preliminary experiments by Messrs. J. H. Parsons and E. E. Henderson 
(1909) on the absorption spectra of the cornea, lens, and vitreous of the rabbit 
with aro light and quarts train showed very considerable absorption of ultra¬ 
violet radiation and no selective absorption of luminous radiation. Pro¬ 
longed exposure of the eyes of albino rabbits to light from “ uviol ” mercury 
vapour lamps produced much conjunctivitis (“ photophthalmia ”). There 
were marked changes in the epithelium lining of the anterior capsule of the 
lens. The changes were almost limited to the pupillary area, where the nuclei 
of the cells were swollen and showed chromatolysis. At the periphery of the 
pupillary area was a zone in which the cells were smaller and crowded together, 
the nuclei being more deeply stained. Some nuclear figures indicating mitosis 
were seen in this area, but these were few in number. No definite opacity of 
the lens was produced, the radiation from these lamps being relatively feeble. 
Similar changes were obtained in frog’s eyes. One eye of a rabbit was exposed 
to the naked aro light at a distance of 6 inches for 15 minutes on three suc¬ 
cessive days. The aqueous of this eye caused slight haemolysis of guinea-pigs’ 
red corpuscles, the control, non-exposed eye giving no such result. 

More exhaustive experiments of a similar nature were carried out by Mr. 
E. K. Martin (‘ Roy. Soc. Proc.,’ B, vol. 85, p. 819 (1912)). He confirmed the 
absence of selective absorption of any luminous radiation. He found that the 
oomea (rabbit) cuts off all rays beyond 295 pp.; the lens cuts off all rays 
Beyond 350 pp. Radiation between 300 pp and 400 pp is therefore trans¬ 
mitted by the cornea and absorbed by the lens, and is therefore capable of 
inducing changes in that structure. The vitreous shows a band of absorption 
between k 250 pp and 280 pp, with a maximum at 270 pp and ill-defined 
margins. With the stronger radiation derived from the Kromayer mercury 
vapour lamp Martin found that corneal opacities were rapidly developed. If 
these were considerable there were no changes in the lens; but if less intense, 
changes similar to those observed by Parsons and Henderson occurred m 
the oapsular epithelium. Experiments on the aqueous of rabbits immunised 
to oat’s red corpuscles confirmed Parsons’ and Henderson’s results, but only 
if the exposure of the eye to the Kromayer lamp exceeded 1 hour; the un¬ 
exposed oontrol eye gave a uniformly negative result. These experiments 
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tend to confirm the suggestion of Parsons that the deleterious effect upon the 
lens may not be due to direct action of the radiation upon the lens but by ' 
action upon the ciliary body, setting up a mild iridocyolitis whioh results in 
malnutrition of the lens. 

Investigation of the tr ansmiss ion of infra-red radiation by the eye was 
carried out on behalf of the Committee by Messrs. H. Har$ridge and A. V. 
Hill (' Roy. Soc. Proc.,’ B, vol. 89, p. 68 (1916)). They proved that heat 
radiation from 1100 up, to 700 pp passes into the eye almost unchecked and a 
great deal of it reaches the retina. The iris of the ox totally obstructs heat 
radiation of every wave-length. It therefore absorbs the same percentage 
radiation as that which reaches the anterior surface of the lens, i.e., roughly 
57 per cent, of the heat radiation between 1300 p,p and the visible speotrum. 
The lens, on the other hand, absorbs of the radiation allowed to reach it through 
the pupil only about 12 per cent. The authors say that “ although an actual 
coagulation of the lens proteins brought about in the course of time by this 
small amount of heat radiation is not impossible when the conclusions of 
Chick and (C. J.) Martin with regard to the physical chemistry of coagulation 
are considered, yet we think it more likely that the change is due to some 
interference with the nutrition of the lens caused in some way by the enormous 
heat-absorbing power of the iris affecting the secretion of the aqueous humour 
by the ciliary body, as Parsons suggests.” 

It has since been shown by Vogt and others that short exposure to intense 
ultra-violet or infra-red radiation can produce opacities in the lens. This is . 
probably a direct coagulation effect, and it is unlikely that the very slow 
development of cataract in glass workers is due to this prooess. 

Protective Glasses. 

The Committee early attacked the problem of protecting the eyes from . 
excessive radiation of all kinds by means of protective glasses or screens. 
Some preliminary experiments were carried out by Dr. Q. J. Burch, as recorded 
in the following report (April, 1909).— 

The object of this research was to find suitable materials for speotaoles and for.. 
fixed screens to be used in glass works. 

With the assistance of my demonstrator, Mr. T. G. Malpas, I have examined— 

37 samples of ooloured glass. 

7 „ glass coated with a reflecting film. 

3 „ „ „ aluminium by rubbing. 

2 „ „ „ magnalium „ . 

4 „ wire gause. . 

13 combinations of two or more samples. 
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Inasmuch as it is easy to out down the light to any required extent in any part 
of the spectrum, it is obvious that the most suitable substanoee are those which 
combine low diathermancy with high transparency. 

In the heat-transmission experiments, the radiation from a naked Nemst fila¬ 
ment was received on two thermometers A and B, both with blackened bulbs, 
at such distances from the lamp as to be brought by it to as nearly as possible the 
same temperature. 

A table having been made of simultaneous readings at different temperatures 
(given by slow small changes of current), the sample to be tested was interposed 
between the filament and thermometer B and the temperature finally reached by 
the latter noted. The temperature whioh would have been reached by B in the 
absenoe of the sample was inferred by observing the temperature of A and con¬ 
sulting the table of simultaneous readings, the room temperature being taken. 

From these data the heat-transmission coefficient was calculated. 

Each result is the mean of several observations extending over an hour or more, 
and the experiments in all the obviously important cases were repeated by both of 
us independently. 

The Nernst filament was found to be the only available naked source of sufficiently 
high temperature and sufficient steadiness. Trouble was at first experienced owing 
to irregular draughts, but this was obviated by enclosing the table in a threefold 
screen of black gauze, supported by upright posts 18 inches apart fixed between the 
layers bo as to preserve a clear space of at least an inch—2 or 3 inches would be 
better—between them. This arrangement is curiously efficient. A candle stand¬ 
ing on the table could scarcely be made to flicker by blowing at it from outside the 
gauze, and the two thermometers kept remarkably well together, rising and falling 
simultaneously with the slight variations of the current. Perfeot ventilation and 
complete absence of draught was thus ensured and the temperature of the 
enclosure was only about 0*1° C. above that of the room. 

N.B.—The sheets of gauze were fastened together underneath the table so that 
draughts were prevented from blowing between them. 

Resuite. 

A pair of neutral-tint spectacles used by one of the workmen at the Ayres Quay 
Glass Works, Sunderland, was first tested. They transmitted 68 per oent. heat 
and abont 9 per oent. light. This was taken as a bams in determining how far the 
light could be cut down in practice, for it must be remembered that the men 
have not only to take glass from the furnace but to manipulate it away from the 
furnace, where the light is much less strong. 

From the Table of Results (p, 201) it appears that cobalt blue is even less efficient 
m stopping heat than red glass, though the sample tested was slightly thicker than 
the red. 
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Table. 


Specimen. 

Heat 

transmitted. 

Light 

transmitted. 

Thickness. 

Window glass—Cobalt 

Per oent. 
000 

Per cent. 
75 

omi. 

0*238 

„ „ Green 

00 0 

7-8 

0-214 

„ „ Amber . 

58*7 

080 

0*298 

» >. Bed 

65*5 

8*6 

0-104 

Ordinary flatted plate 

74*0 

88*3 

0-205 

Plate glass, oolooziess 

73*5 

— 

0*082 

Spectacle glass supplied by Messrs. Hotkey ft Lewis— 
Cobalt I . . ... 

82 4 

77*3 

0-103 

.. S 

79*7 


0-145 

„ 3+ 

76 0 

41-0 

0-172 

.,4 ... 

72 0 

32*5 

0-138 

a 

76-0 

13*0 

0-193 

.. a 

72 *A 

8*5 

0*175 

Emerald green—2 (ill) 

68-7 

42*7 

0*147 

.. .. 3 (ill) . 

AO A 

,38*6 

0*192 

.. „ 4 (ill) . . 

62*3 

9-1 

0-207 

London smoke—6 (i) (warm tint) 

68*6 

15*6 

0*194 

„ „ A (ii) (greenish tint) 

AA 0 

11*8 

0-102 

Neutral tint—A* (blue tint) 

71 0 

14*3 

0-250 

London smoke—1 (i) (warm tint) 

83-7 

68*8 

0*121 

„ „ 3 (1) (warm tint) 

02-7 


0*118 

Dr. L. Johnson's spectrum blue 

53*2 

9*2 

0-215 

Fiensal's amber 

73 A ! 

60*1 

0-211 

Furnace glass 

73*5 

2*8 


Bottle green—I (v) 

83-1 


0*232 

» if 11 (▼) 

84*8 


0-202 

„ III (v) 

85 8 

46 3 

0 225 

.. „ IV (▼) 

71 4 

39*6 

0*244 

Supplied by Messrs. James Powell ft Sons— 

Hue 

43 A 

31 Q 

0 298 

Green I 

38 0 

17-0 

0-483 

Gilded glass 

Green U 

21*5 

0*0 

0*371 

46 7 


0*427 

Spectacle glass supplied by Mr. J. PiUkoher— 



0*213 

Bottle green 

80 2 

lgwW«§§ 

Blue 

68*2 

9*6 


Amber 

74*2 

47*3 

0*132 

Yellow 

82 3 

75*0 

0-150 

Pink 

70*3 

78-8 

0*102 

Metallic films on glass— 




Galena—1 

91 7 



i. 2 

87*1 

43-2 

— 

Silver—1 

86*5 

43*8 


i. 2 

47-6 

. 10*5 

— 

Magnalium 

48*7 

27*7 

— 

Aluminium—>1 

Al *8 

34*8 

— 

» 2 

49 4 

31*0 

— 

Aluminium on green glass 

37*8 

3 4 

— 

Wire gauie—Iron 

68*5 

53 0 

— 

» Brass 

62 0 

40*0 

— 

Thickened elcctrolyticaDy 

47*0 

19*5 



Fall data reUting to combinations of screens ue given in the paper. 

N.B.—The numbers attached to some of the specimens are not to be regarded as indicating 
the depth of oolonr except roughly. In several cases the tints are entirely different. 



















202 Report qf Glass Workers' Cataract Committee. 

A piece of amber gloss was remarkable in transmitting the same percentage of 
light os of heat, vis., 58 per cent. Some ordinary greet glass transmitted 50 per 
cent, heat and 7-8 per cent, light. A sample of Dr. Lindsay Johnson's spectrum 
blue glass transmitted 53 per cent, heat, but only 9 a 3 per cent, light. A sample 
of lead gloss of a peculiarly clear bine, sent me by Messrs. James Powell k Sons, 
transmitted 43 *5 per cent, heat and 31 per oent. light. A green by the same makers 
gave 38 per oent. heat and 17 per oent. light. Being lead glass these were much 
more opaque to X-rays, and the green moro opaque also to violet and ultra-violet 
rays than the other samples. 


Metallic Films. 

The effect of a metallic film in arresting the passage of heat, utilised with such 
good effect in the Dewar vacuum flask, suggested the possibility that a film thin 
enough to be transparent might serve to reflect away a sufficient percentage of the 
heat, and perhaps without becoming hot. 

Dr. Emerson Reynolds kindly lent me two very fine specimens of semi-trans¬ 
parent Qalena films on glass. In both the coating was very brilliant and extremely 
regular. By comparing their heat transmitting power with that of a piece of plate 
gloss of the same thickness, it appeared that the film itself in one case stopped 
8*3 per cent, of the heat, the fight transmitted being 60*7 per oent. The other 
film, whioh was denser, stopped 12*9 per oent. heat, the light transmitted being 
43*15 per oent. From some trials made in my laboratory it appeared that the 
percentage of light transmitted diminished very rapidly with increasing thickness. 

We also experimented with silver films. Some half-silvered pieces of dear glass 
gave results as follows:—No. 1. Heat transmitted 86*5 per cent., light 43*8 per 
cent. No. 2. Heat 47*6 per cent., light 16*5 pet cent. 

It would thus appear that the thin film of silver has at first little or no effeot m 
stopping the longer heat rays, and that when thick enough to do so it stops more 
light than can be spared. Moreover, these thin films seemed nnable to stand 
such hard usage as they would get in practice. 

Three pieces of glass were rubbed over with aluminium so as to form on them a 
fairly even network of dose but irregular semi-transparent metallic lines. The 
effect was remarkable. In round numbers the coated glass transmits only half 
the heat and one-third of the light transmitted by the same piece before it was 
coated. 

A pieoe of green glass, which transmitted 53*6 per cent, heat and 7*9 per oent. 
light, after being rubbed over with aluminium, transmitted 37*8 per oent. heat 
and 3*4 per oent. light. This, however, is too little, and in this case more light was 
stopped in relation to heat than when clear glass was used. 

Magnalium adheres to glass in the tame manner. A pieoe of dear glass coated 
with it transmitted 48*7 per cent, heat and 27*7 per cent, light. 
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Unfortunately, Although these costings will stand hard usage, they interfere 
somewhat with the definition of objects seen through them. 

Wire Gauze. 

The ratio of heat transmission to light transmission being very high even in these 
cases, I determined to try positive screening by wire gauze. 

A piece of iron wire gauze transmitted 53 per cent, light and 68*5 per oent. heat. 
A piece of brass wire gauze transmitted 40 per oent. light and 62 per oent. heat. 

The gauze did not seem greatly to matter, the ratio of wire diameter to size 
of mesh being much the same in all. So we thickened a piece by depositing copper 
on it electrolytioally. It now transmitted 19*5 per cent, light and 47 per oent. heat. 
It will be observed that in all cases the proportion of heat stopped is much less 
than that of light. This is no doubt due to secondary radiation; but it is a con¬ 
dition which obtains in practice. 

Combinations of Screens. 

I then tried the effect of combining various screens, with the following results :— 

Powell’s blue plus the thickened gauze, dose together— 

Heat transmitted, 28 per cent. Light, 6*75 per cent. 

It made no difference whether the glass or the gauze was next the thermo¬ 
meter. 

The same 1 inch apart— 

Heat transmitted, 22 per cent. Light, 6*75 per oent. 

Powell’s blue pluB Powell’s green, 1 inch apart— 

Heat transmitted, 30*2 per cent. Light, 7*3 per cent. 

Throe pieces of clear glass, 1 inch apart— 

Heat transmitted, 52 per cent. Light, 70 per oent. 

The same close together—Heat transmitted, 63 per cent. 

Three pieces of amber glass, 1 inoh apart— 

Heat transmitted, 33 per oent. Light, 13*2 per oent. 

The same dose together—Heat transmitted, 45 per cent. 

Three pieces of green glass, 1 inch apart— 

Heat transmitted, 36 per oent. 

The same close together—Heat transmitted, 50 per oent. 

Powell’s blue plus two pieces of bottle-green glass, sp&oed 1 inoh apart— 
Heat transmitted, 34*23 per oent. 

This combination was tried because the Bunsen flame is scarcely visible through 
it owing to the character of the absorption. 
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General Conclusions. 

If the men can use it, thickened game pins Powell’a blue glass would be the best 
combination at present found. Bat only the men themselves can decide whether 
the definition is good enough through the gauze, or if it gets too hot so near the face. 
The same remark applies to the aluminium coatings. 

If a fixed screen is practicable, it should consist of several sheets with air spaces 
between. Probably gauze next the furnace would prevent glass from cracking. 

Nearly all the measurements quoted in this paper are due to my demonstrator, 
Mr. T. G. Malpas, who also made the calculations. I have verified his results by 
independent observations in the important cases. The light tr ansmissio n was 
measured with the flicker photometer, and as the personal element might in dealing 
with different colours affect the result, I have been careful to compare my readings 
with his. I find that with low intensities there is a marked difference, but that it 
disappears if a reasonably strong light is used, and this has accordingly been done 
in the observations recorded. 

I have to thank Dr. Emerson Reynolds for placing at my disposal the galena 
films above referred to, and for instructions concerning the method of preparing 
them. And I have also to thank Messrs. James Powell & Sons, both for information 
concerning the composition of specimens in my possession, and for the samples sent 
me as most likely in the light of our preliminary experiments to serve the purpose 
in view. 

G J. Bubch. 

April, 1909. 


Sir William Crookes examined the transmission of radiation by samples of 
gloss—chiefly green glasses—used at various times at the Royal Botanic 
Gardens, Kew. He then embarked upon the much more exhaustive research 
of making synthetic glasses by the addition of various metallio oxides to a clear 
and oolourlcss flux and examining the transmission of radiation through them 
(see hiB ' Phil Trans.’ paper before quoted). Over 300 tinted glasses were 
prepared. Of these the composition of the most important, and their trans¬ 
mission of infra-red, luminous, and ultra-violet rays are recorded in his paper. 
The glass which most effectually obstructs ultra-violet light has since been put 
upon the market as “ Crookes’ glass,” and has been widely used in spectacles 
for protection of the eyes, especially in sunny places and at high altitudes. 
The attempt to introduce protective glasses among glass workers failed, chiefly 
owing to the innate conservatism of the British workman. 
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The infra-red and ultra-violet transmissions of several of Crookes’ glasses 
and of other glasses, suoh as chlorophyll, Fienzal, Euphos, etc., were also 
determined and pablished by Hartridge and Hill (‘ Roy. Soc. Proc.,’ B, 
vol. 89, p. 72 (1915)). 

Iron Workers’ Cataract. 

The work of the Committee was entirely in abeyance during the period of 
the war, and it was not until 1921 that it could be resumed. Early in that 
year information was obtained from Messrs. B. Cridland of Wolverhampton, 
and J. J. Healy of Llanelly, that a form of cataract similar to that found in 
glass workers occurred in iron puddlers and tin-plate millmen. Cases of the 
same kind were also reported by Mr. St. Clair Roberts of Worcester in chain 
makers. 

On February 11, 1921, Mr. Parsons and Dr. Morison Legge examined cases 
of Iron Workers’ Cataract at Wolverhampton. Mr. Cridland showed two 
typical caBcs, one in a puddler (reported in ' The Ophthalmoscope,’ vol. 13 
(1915)), the other in a furnace-man. Mr. St. Clair Roberts showed six caseti 
of chain makers, four of which were typical. 

On February 23, 1921, Mr. Parsons, Dr. Morison Legge, and Dr. J. C. Bridge 
examined cases of cataract in tin-plate rollers at Llanelly. Dr. Healy had 
collected 121 men, all of whom were examined ophthalmoscopically by Mr. 
Parsons, and many by Dr. Legge and Dr. Bridge. Nearly all the cases showed 
some signs of cataract, mostly of the ordinary senile type. Sixteen cases 
presented the typical appearances of “ Glass Workers’ Cataract.” (These cases 
form the subject of papers by Messrs. Cridland and Healy in ‘ The Bristol 
Journal of Ophthalmology,’ vol. 6, pp. 193, 194 (1921)). 

There can be no doubt that cataract, indistinguishable from Glass Workers’ 
Cataract, occurs in tin-plate rollermen, chain makers, and puddlers. 

Biochemistry of the Lens. 

In 1921 the Committee decided to initiate research into the biochemistry of 
the crystalline lens. Difficulty was experienced in finding a suitable worker 
to undertake this research. Eventually Miss D. R. Adams of Girton College, 
Cambridge, was appointed to carry out a research on the metabolism and 
proteins of the lens under the supervision of Prof. F. G. Hopkins. 

Miss Adams’ report has been published in the ' Roy. Soc. Proc..’ B, vol. 
98, p. 244 (1925), and a r&sumfi of literature on the subject in the ‘ British 
Journal of Ophthalmology,’ vol. 9, p. 281 (1925). She has proved that “ the' 
lens contains an autoxidation system similar to that which Hopkins found in 
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• muscles and other tissues. This system in the lens oonsists of (1) dialymble 
> glutathione, (2) a thermostabile protein residue. These constituents are 
maintained in constant chemical equilibrium by an oxidation-reduction of 
an SH i—► SS type. The peculiar mode of nutrition in the lens prevents any 
excessive use of oxygen or rapid elimination of waste products. It is therefore 
conceivable that the autoxidation system is of special economic importance 
in the respiration of the lens, and that it is not merely secondary in character 
as it is in other tissues. In favour of this view that it is of vital importance to 
the normal condition of the lens are the facts that (a) in oataractous lenses either 
or both parts of the autoxidation system may be absent (Goldschmidt), (6) 
the lens in comparison with other tissues has a relatively high glutathione 
content.’* Ultra-violet light and heat rays cause a decrease in the glutathione 
content of the lens in vitro, when the latter is protected by a surrounding layer 
of Ringer’s solution. It is as yet unknown whether the secondary (thermo- 
stabile) system is affected by the rays in vivo. The precipitation of the proteins 
and the increase of lipoids in the cataractous lens are also inadequately 
explained. The protein p-kryBtallin acts alone as a thermostabile residue pre¬ 
pared from the whole lens. Since the other lens proteins are devoid of this 
power, it appears that (3-krystaUin is the active constituent of the lens thermo¬ 
stabile residue. The lens is able to oxidise certain organic acids, but its power 
to do so is decreased by exposure to ultra-violet light. 

Since its inception the Committee has lost by death six of its members: 
Sir William Abney, Sir Clifford Allbutt, Sir William Crookes, Mr. Marcus 
Gunn, Mr. E. Nettleship, and Dr. A. D. Waller. The present constitution of 
the Committee is as follows: Sir John Rose Bradford (Chairman), Sir Hugh 
Anderson, Dr. H. H. Dale, Sir William Hardy, Prof. A. V. Hill, Dr. L E. 
Hill, and Sir John Parsons. 

The investigations carried out by the Committee show that Glass Workers' 
Cataract is not due to the aotion of luminous radiation or X-rays; that it is 
improbable that it is due to direct action of ultra-violet or infra-red radiation 
upon the lens, though this cannot be definitely disproved until further knowledge 
of the biochemistry of the lens is available ; that it may be due to indirect 
action on the nutrition of the lens by the deleterious action of infra-red radia¬ 
tion upon the iris and ciliary body. 

The introduction of machinery for blowing glass bottles may be expected 
to reduce .the incidence of Glass Workers’ Cataract materially. The Com¬ 
mittee are of opinion that further research, especially on the biochemistry of 
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the lens, is desirable. They do not, however, feel justified in asking for further 
financial assistance from the Home Offioe, bat propose that the Medical 
Research Council be asked to undertake the further pursuit of the investiga¬ 
tion. 

J. R. Bradford, 

Chairman. 

June, 1928. 


The Anaerobic Delayed Heat-Production after a Tetanus. 

By W. Hartree and A. V. Hill, F.R.S. 

(Received May 9, 1928.) 

(From the Departments of Physiology, Cambridge, and University College, London.) 

In a previous paper of this series it was shown by one of us that, in the 
case of a regular succession of separate twitches, there is no considerable 
anaerobic delayed heat-production: the only important after-effect of such 
anaerobic stimulation is a permanent increase in tho resting heat-rate. It 
was pointed out there that this increment, produced by activity, in the baBal 
heat-rate, cannot be regarded as part of the contraction-process itself, though 
it may easily be misinterpreted ; unless the galvanometer-zero and the tem¬ 
perature of the thermopile be very steady, this permanent increase may be 
mistaken for a long-continued delayed heat associated with contraction and 
ending in 10 or 15 minutes. The diagram of fig. 1 illustrates this point. At 
time zero the muscle is stimulated by a short tetanus and the galvanometer 
deflects, returning to a constant position—but not to its original one—in 
about 3 minutes. The displacement from the initial position is a measure of 
the increment in resting heat-rate. This increment must be supposed to 
occur at, or immediately after, the moment of contraction. There is no 
obvious reason why it should occur at any other moment. If so, the base¬ 
line from which the area of the deflection-time curve must be calculated is A, 
the continuation backwards of the line representing tho final level attained 
by the galvanometer. 

Now let us imagine that owing to galvanometer instability, or to gradual 
temperature change in the thermopile, there is a slow, small and not quite 

VOL. cm.— B. R 
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regular creep of the spot of light on the Beale. The only way to proceed is to 
allow a sufficient time to elapse after stimulating and to join the initial to the 



Fio. 1.—Curve of galvanometer-deflection after short tetanus of musole in nitrogen 
(diagrammatic) to illustrate how the permanent increment in heat-rate produced by 
anaerobic stimulation may be misinterpreted aa delayed anaerobic heat. A, true base¬ 
line ; B, base-line as previously assumed. 

final position, so obtaining a base-line ( e.g ., B in the diagram) from which to 
measure the area of the deflection-tune curve. It is obvious that a greater area 
will thus be found than if the correct base-line A had been adopted. The case 
illustrated in the diagram is exaggerated. It will make clear, however, how 
an error may occur unless extreme stability of galvanometer and thermostat 
be available. We have found, employing the present apparatus, in all cases, 
whether of short tetanic stimuli or of a series of single shocks, that with the 
thermopiles used the galvanometer becomes quite steady again in 3 or 4 
minutes: there is no long-continued delayed anaerobic heat, such as was described 
by ourselves (1) (2) and by Furusawa and Hartree (3). The genuine anaerobic 
delayed heat is confined to the first 2 or 3 min utes after stimulation. 

In 1923 we (2) concluded that “ the effects observed are the resultant of 
those arising from two separate heat-productions,” and fig. 2 of our paper 
gave diagrammatically the supposed time-oourse of these two separate factors, 
(i) starting at a high rate and falling in 2 minutes or so to zero, and (ii) lasting 
for a long time. Of these (ii) is due solely to the effect, described above, of the 
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permanent increase in resting heat-rate induced by anaerobio stimulation; 
(i) is genuine, and persists, after a tetanic stimulus, in spite of all efforts to 
eliminate it. 

Experiments have been made in a variety of ways, and with several different 
thermopiles. It is not easy always to ensure that a muscle under strictly 
anaerobic conditions will continue to function well enough for a series of tetani 
to be applied to it. If the condition of the muscle be not good, the experiment 
must be discarded, since irregularities in the distribution of the heat-production 
inside the muscle may cause—owing to lag in conduction—apparent effects 
of delayed liberation or absorption of heat, as pointed out by Furusawa and 
Hartree (3). One of the best experiments performed, in respect of the 
continued excellent condition of the muscle throughout, and of the high 
consistency of the results, was as follows :— 

Experiment of 16.10,27 .—Two sartorii in nitrogen on quiokly noting thermopile i weight 212 
mgn. Two 2-second tetani for test purposes: 196 grms. isometric tension weU main¬ 
tained. Four 2-seoond tetani with photographic records, practically identical to 12 seconds ; 
mean taken for analysis. Eight “ oontroU ” for instantaneous healing. Initial heat in 
eaoh tetanus, about 0>1 calorie per gram. 

The results of the analysis are shown in fig. 2. There is a high rate of heat- 
production during the development and early stages of the contraction, a 



Fio. 2.—Analysis of rate of heat-produotion during and after a 2-seoond tetanus in nitro¬ 
gen. Bxperiment of 10.10.27 (see text). 


ft a 
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constant rate during the maintenance of the contraction, and a rapidly falling 
rate when stimulation endB. This delayed heat-production persists usually for 
a minute or two, amounting in some experiments to as much as 46 per cent, 
of the initial heat, in others to very little. It is greater after longer stimuli; 
it is absent, or very slow, at low temperatures. It is not to be confused with 
the heat of relaxation, which is part of the initial process, and is complete in 
a few tenths of a second at 16° C. 

The relaxation heat has been carefully studied at low temperatures, 
where the anaerobic delayed heat is not a disturbing factor. Experi¬ 
ments to be published later show that the relaxation heat of an isometric 
contraction at 0° C. is about 0*11 Tl, where T is the tension developed and l 
is muscle length. Applying the same formula to the case of 15° C., we may 
subtract the calculated relaxation heat from the delayed heat Bhown in fig. 2. 
It appears that the real delayed heat in 10 seconds after the end of the stimuluB 
was about 15 per cent, of the total initial heat. It is never negative at any 
stage in the process, though it may, for technical reasons, appear to be in & 
muscle failing and functioning only in parts : its total amount, to completion, 
may be anything from 0 or 5 per cent, up to 45 per cent, of the initial heat. 

The fact that, in our experience, there ia never any negative heat affords an 
important comment on recent observations, in connection with “ phosphagen,” 
from Prof. Meyerhofs laboratory in Berlin. It has been demonstrated there 
that, of the considerable amount of phosphagen “ broken down ” during a 
4-Beconds’ anaerobic tetanus, an appreciable part (about one-third) is “ resyn- 
thesised ” during the next 20 seconds. The breakdown in'vitro of purified 
phosphagen into phosphate and creatine has been shown by Meyerhof and 
Suranyi (4) to lead to a heat-liberation of about 150 calories per gram of 
H s PO«. If a considerable proportion of the phosphagen “ broken down ” in 
anaerobio activity were really “ resynthesised ” from its constituents during 
the first 20 seconds after the stimulus, the heat-absorption oould not fail to 
be evident, unless there were some compensating process, e.g., lactic acid or 
ammonia production, liberating heat. There is no absorption of heat, and, 
according to Nachmansohn (5) in Meyerhof’s laboratory, there is no delayed 
lactic acid or ammonia production. 

It is possible, as was suggested at the end of the third paper of this series, 
that purified phosphagen has very different thermal characteristics from the 
substance existing in the living muscle, that, in fact, the heat of formation 
of the creatine from the precursor actually Aviating in living muscle is 
considerably less than from the (possibly simplified) product which has been 
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described by Eggleton and Eggleton. This would reconcile Prof. Meyerhof’s 
observations with the undoubted fact that, at no stage, in or after con¬ 
traction, does an absorption of heat occur. Another explanation, however, 
is possible. It may be, as Nachmansohn suggests, that the “ breakdown ” of 
phoephagen during activity, and its anaerobic “ resynthesis ” afterwards, are 
to be regarded rather as an “ unstabilisation,” followed by a “ restabilisation,’’ 
of a complex chemical substance, whose real breakdown follows only when 
mechanical and chemical violence is offered to the living muscle fibres. This 
suggestion is in keeping with recent experiments of Stella’s (6) at University 
College, in which the interior of a living fatigued muscle has been shown to 
be in diffusion equilibrium with a phosphate solution containing only about 
20 mgrs. per cent, of P : an amount far less than is found, under wimiUr con¬ 
ditions of fatigue, by direct chemical treatment of the muscle (Eggleton and 
Eggleton (7) (8) (9)). Between these two explanations it is not possible, at 
present, to decide. 

An abstract of the experiments performed is given in the following table. 
All were at room temperature (15° to 20° C.), and all upon the sartorii of 
Rana tcmporaria or R. escule.nta. 


Table I.—Delayed Anaerobic Heat (D.A.H.) after a Tetanus. 

Experiment of 18.11.2S .—Cyanidcd moaofe in N,. Observations on soale. 

0*3 second, 0*0 second, 0*0 second, 0*0 seoond tetani. Difference between live ourves 
and oontrol disappeai* in about a minute. D.A.H. 6 per ecuI. 

Experiment of 17.11.28 .—Pure N,. Observations on soale. 

Three 0-iseoond tetani. Difference between live curves and oontrol disappears within 
2 minutes. D.A.H. 6 per cent. 

Experiment of 14.1.28 .—In 0.-HCN. Observations on soale. 

1 seoond tetani. D.A.H. complete in 2 minutes, 13 per cent. 

Experiment of 18.128 .—In N t -HCN. Excellent mechanical responses. Observations on 
•Oftlo. 

0*70 second tetanus, D.A.H. IS per cent., 7 per cent, before 12 seconds, none after 2 
minutes. 

1 -0 seoond tetanus. D.A.H. 12\ per cent. 

Experiment of 31.1.28.—Gwnaieod frog. In N t -HCN. Photographic reoords. 

0-3 and 0*4 second tetani. D.A.H. complete in 00 seconds, 11\ per cent. 

Experiment of 2.2.28 .—In N,-HCN. Photographic reoords. 

0 -20 seoond tetanus, excellent response. D. A.H. 9 per cent., 7} per oenfc. in 40 seconds. 

Experiment of 10.2.28 —In N fl -HCN. Photographic records ; detailed analysis; good experi¬ 
ment. 

0 • 10 seoond tetanus. D.A.H. 20} per cent., 16} per cent, in 60 seconds. 

0*18 seoond tetanus later. D.A.H. 17 per cent. 
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Table I—(continued). 

Experiment of 20.238, —In Ng-HCN. Photogmphk raooida j detailed nnalyiifl. Good oon* 
tractions. 

1’13 seconds tetanus. D.A.H., 1st observation, 42 percent,, 32 per oent. before 30 
seoonds. Mean 2nd and 3rd observations, 27 per cent., 26 per oent. before 30 
seconds. 

1 *27 seoonds tetanus later. D.A.H. 22\ per cent,, 18 per oent. before 30 seoonds. 

Experiment of 21.238. —In N,-HCN. Photographio reoords. Very good and oonsktent con¬ 
tractions, obvious oontraoture after each. 

2*0 seoonds tetanus, 1st observation only. D.A.H. 36 per cent,, 7 per oent. before 
6 seoonds, 28 per oent. before 30 seoonds. 

2*0 seoonds tetani, 2nd, 3rd and 4th observations. Mean, D.A.H. 26 per cent,, 14 per 
cent, before 30 seoonds. 

Experiment qf 223.28. —In Nj-HCN. Photographio reoords. 

1*13 seoonds tetanus. D.A.H. 46 per cent, 

1-36 seconds tetanus later, D.A.H. 20 per cent,, 7 per oent. before 6 seoonds, 16} per 
oent. before 30 seoonds. 


Experiment qf 24338, —In Nj-HCN. Photographic reoords. I to VI, 0*1 second tetanus, 
0-016 calorie per gnn. initial heat. VII and VIII, 1*13 seoonds tetanus, 0*091 oakuie 


per gnn. 

I— D.A.H. 

II— D.A.H. 

III and IV—D.A.H. 
V and VI—Later 
VU—D.A.H. 

VIII—D.A.H. 


— 2 percents 
+ 4 per cent. 
12\ per cent. 
9 per cent. 
30 per cent. 
12 per cent. 


Experiment of 6.3.28. —Photographio reoords. Detailed analysis shown in fig. 3. 

1 to III, 0*26 aeoond tetani in O a , galvanometer retaining accurately to aero in 17 
minutes. Recovery heat = 1 -44 (initial heat). 

IV, 0*6 second tetanus in 0„ good return. Recovery heat » 1*32 (initial heat). 

V and VI, 0*06 aeoond tetani in O* not analysed. 

VII and VIII, 0* 1 aeoond tetani in Og, reoords too small for great aoouraoy. Reoovery 
heat *=1-02 (initial heat). 

XI and XII, 0-25 second in N,. D.A.H. 11 per cent. 

XIV, 0-6 second in N t . D.A.H. 23 per cent. 


The last experiment of Table I is illustrated in fig. 3. There are shown (a) 
two typical curves of the delayed anaerobic heat-production for 0*25 and 0*6 
second tetanus, (6) three curves of the recovery heat-production in oxygen. 
It is obvious from these that the factor which we have called the “ delayed 
anaerobic heat ” is still present in oxygen, complicating the form of the recovery 
heat-rate curve. This complication does not always, or indeed usually, occur; 
see, for example, the curves of figs. 1 and 2 of our 1922 paper (1), which are 
typical. The recovery curves illustrate also a fact which we have several 
times verified, viz., that (within limits) the rate of recovery heat-produotion 
is not only absolutely but relatively greater after a greater initial liberation 
of energy (see (1), (10)). 
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An examinat ion of Table I leaves no doubt that after a short tetanus, applied 
directly to a muscle in nitrogen, there is a delayed production of heat. Every 



Fjo. 3.—Analysis of rate of heat-production after a short tetanic stimulus, in oxygen and 
in nitrogen. Experiment of 6.3.28, (see text and Table I). The rate of heat-production 
is measured in terms of a unit which is equal, in each observation, to the initial heat 
per second. 

effort has been made to eliminate oxygen, and we have no doubt that the 
oxygen in the chamber was below 0*02 per cent. ;* in most cases the nitrogen 

• In this connection we have never been able to verify, even under the most stringent 
anaerobic conditions, a statement by Furusawa and Hartree (3) to the effect that when 
" purified nitrogen was passed through the muscle chamber for an hour or so . . - 
the muscle became inexcitable." Our muscles have often given an excellent response 
after hours in the purest nitrogen, even when dosed with cyanide vapour. We believe 
that the inexcitability described by Furusawa and Hartree must have been due to some 
smelthetio substance present in their nitrogen, which had been vigorously shaken with 
pyrogallol. Ours, as described in the first paper of this series, had been made 
with sitoiin* sodium hydrosulphite (Na^S t 0 4 ) and passed through four wash-bottles 
before it readied the muscle chamber. 
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farther contained cyanide vapour, in amount sufficient to abolish the reoovery 
process even in pure oxygen. The amount of this delayed anaerobic heat is 
variable. It appears, in general, to be greater after long tetani than after 
short ones—which is in keeping with the fact that it is absent in the case of a 
series of single twitches: it is usually greater in the earlier contractions of an 
experiment: in Table I it varies from 5 per cent, to 46 per cent, of the initial 
heat, having usually a value in the neighbourhood of 16 per cent. It starts 
at a high rate, and falls rapidly to zero in a minute or two; it is practieally 
absent at 0° C., or so slow as to be impossible to deteot with any certainty 
(which is a further proof, if one be required, that it iB not due to a physical 
error of any kind). The facts are clear; the explanation is obscure. 

The muscles were excited directly by thick silver-wire electrodes in good 
contact with their ends. The stimuli were just maximal, not Bupermaximal; 
the tetanus from a Harvard coil was employed. It has been suggested to us, 
in view of the possiblity of over-stimulating some of the muscle fibres when 
direct stimuli are employed, that indirect exoitation would be more conclusive. 
If a muscle nerve-preparation were available which would meet the rigorous 
demands of the myothermic method, indirect stimulation would certainly be 
preferable. The gastrocnemius-sciatic preparation, however, is useless for 
the purpose : in dealing with such small differences as are here involved, an 
accurate “ control ” is essential, in the form of a uniform warming of the dead 
muscle. This requires a muscle of uniform cross-section, with fibres all working 
in the same way, and preferably a very thin one, to avoid the effects of lag m 
conduction from parts contracting to different degrees. We do not believe 
that results of any value would be obtained in this connection with a muscle 
much thicker, or leas uniform, than the sartorius of the English frog. It is, 
of course, possible to prepare the nerve to the sartorius. There are two reasons 
against this:— 

(a) Strictly anaerobio conditions would certainly tend gradually to destroy 
the power of the nerve fibres to conduct an impulse; and 

(b) This preparation is so delicate that one could never be sure that certain 
of the fibres of the nerve had not been injured. 

In either case some of the fibres of the muscle would respond to the stimulus 
applied to the nerve, others would not. The distribution of non-contracting 
fibres would probably not be a random one; discrete masses of the muscle 
would fail to respond, and we should get temperature differences inside the 
tissue itself, giving the apparent effect of delayed production or absorption of 
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heat The simple experiment described by Furtuawa and Hartree (3, p 204) 
of scorching the outside surfaoe of the muscle with a hot wire, treatment which 
results in an apparent large negative heat soon after the contraction, showB 
the danger of a non-uniform response It appeared to us to be impossible to 
ensure that a muscle stimulated through its nerve, after a long period in pure 
nitrogen, should contract uniformly throughout If such surety be absent, 
it is useless to perform the experiment, the records oould indeed be made and 
analysed, but whatever result was obtained would be suBpect it might be 
attributed, if desired, to a non uniform contraction of the muscle 

The dangers of the myothermio method, improperly iued, are great, and 
recent experience shows what extraordinary results it may yield in the hands 
of uncritical people , long acquaintance with its pitfalls only emphasises its 
limitations The sole way, in our opinion, to hope to secure a uniform con 
traction of a muscle under strictly anaerobic conditions, is to stimulate it 
directly In that case the possibility of over stimulating some of the fibres— 
those in immediate contact with the electrodes—cannot be avoided 

In 1926 Embden Hirsch Kauffmann and Deuticke (11) published an account 
of experiments purporting to show that considerable quantities of lactic acid 
may be produced by a stimulated muscle after contraction and relaxation 
are complete This effect was proved by Meyerhof and Lohmann (12) to be 
due to the excessive stimuli they employed excited through its nerve or 
directly by a more moderate current a muscle liberates lactic acid only during 
its contraction The matter was further studied by Soranyi (13), who showed 
that too strong a stimulus caused (i) an excessive production of lactic acid per 
unit of tension maintained in a tetanus and (u) a contracture afterwards 
Furusawa and Hartree (3), m confirmation of these results, obtained a large 
after production of heat in consequence of an over powerful stimulus There 
is no doubt of the danger of excessive direct stimulation and aocordmg to 
recent results of Nachmansohn (6) it is difficult to avoid this danger so long as 
direct tetanic stimuli are employed 

Thus one possible explanation of the delayed anaerobic heat, observed m 
the present experiments, is that it is due to the excessive stimulation of 
those fibres of the muscle which lie directly on the electrodes, where the 
density of the exoxting current is greatest In several of the experiments 
recorded in Table I an undoubted contracture occurred after normal relaxa 
tion This explanation would be in keeping with the great variability of the 
effect observed it is difficult indeed to see how its possibility can be 
eliminated It is dear from the experiments with single twitches that a 
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considerable production of heat is not a necessary sequel to an anaerobic 
contraction The over stimulation theory of its appearance after a tetanus 
has much to recommend it 

There is however, an alternative explanation which should be mentioned. 
The experiments on phosphagen made m Prof Meyerhof’s laboratory, and 
already referred to, show that for half a minute or so after a tetanus of several 
seconds there are chemical processes at work, involving changes in the phos¬ 
phate containing complexes of the muscle It may not be correct to describe 
these as the actual resynthesis of “ phosphagen ” from creatine and phosphate, 
which is an endothermic reaction, but undoubtedly some chemical changes 
are proceeding It seems possible that the anaerobio delayed heat may be a 
sign of these processes 

Of the two explanations considered we are more inclined to the former 
The recovery heat production is a very regularly occurring phenomenon, so 
is the relaxation heat observed at a low temperature , so is the increment in 
resting heat rate produced by anaerobic stimulation, and it seems to us 
probable that if the anaerobic delayed heat discussed above were due to normal 
processes occurring inside the muscle it would appear m twitohes and in tetam 
alike, and not to the very variable degree illustrated in Table I 

Summary 

1 The anaerobic delayed heat production after a tetanus has been re¬ 
examined, with stringent precautions to avoid the possibility of oxidation 

2 Its supposed long continued part is due to a misinterpretation of the 
phenomenon described in a previous paper, viz, the permanent increment in 
resting heat rate produced by anaerobic stimulation 

3 Its earlier part is a genuine occurrence and is complete within a minute 
or two It is very variable in amount ranging from 6 to 46 per cent of the 
initial heat It starts at a high rate and falls rapidly to a low value, being 
complete in a minute or two 

4 Its explanation is obscure it may be due to phosphate changes known 
to occur after contraction and relaxation are complete, more probably it is 
to be attributed to the over stimulation of some of the fibres of the muscle, 
a procedure known from the work of Meyerhof and his colleagues to produce a 
delayed formation of lactic acid 

6 There is no sign of an endothermic process occurring at any stage in, or 
after contraction The partial restoration of phosphagen after an anaerobic 
tetanus as described by Meyerhof and his collaborators, must be regarded. 
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therefore, either as a “ restabilisation,” rather than as a “ resynthesis,” 
or as showing that purified phosphagen possesses very different thermal 
properties from the precursor of phosphate and creatine in the living muscle. 

6. We have been unable to verify a statement by Furusawa and Hartree 
that in purified nitrogen a muscle becomes gradually inexcitable, as a nerve 
is known to do. A muscle may give an excellent response after hours in the 
purest nitrogen, to which cyanide vapour has been added. 

The expenses of this research have been borne by a grant from the Foulerton 
Fund of the Royal Society. 
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The Equation of Motion of a Runner, exerting a Maximal Effort. 

By Charles H. Best and Ruth C. Partridge. 

(Communicated by Prof. A. V. Hill, F.R.S.—Received June 4, 1928.) 

(From the Department of Physiological Hygiene, School of Hygiene, University of Toronto.) 

Furusawa, Hill and Parkinson (1) have shown that the acceleration of a 
runner and the wiaTinnim speed he can obtain depend upon two factors, (a) 
the maximum force he can exert in propelling himself, and (6) the frictional 
resistance of his muscles. They have embodied these factors in a mathematical 
equation, which they have tested by experiment. The experimental results 
fit the equation very satisfactorily and allow the values of the constants to be 
determined. 

The maximum velocity attained depends upon a balance between the pro¬ 
pelling force, which is constant up to the onset of fatigue, and the internal 
resistance, which increases as the speed rises until it balances the propelling 
force. In Bpite of the accuracy with which experiment has been found to 
verify the equation, this internal resistance has to some degree a hypothetical 
existence. The object of the present paper is to give it greater reality by 
showing how an actual external resistance can be added on to it and produces 
exactly the calculated effect. 

In the equation developed by Furusawa, Hill and Parkinson, if M be the 
mass of the subject, and/Mp be the maximum propelling force he can exert, 
and if the internal frictional resistance at any speed be taken as M/a times that 
speed, then the maximum velocity has the value of fga. If now to the internal 
frictional resistance of the muscles we add an external force, R, the maximum 
speed will be further reduced in proportion, and instead of being fga it will 
be (fga — Ra/M). 

In their paper Furusawa, Hill and Parkinson suggested that experiments 
should be made on running uphill, where the external resistance would be the 
component of the weight of the body parallel to the surface of the hill. In 
the present paper another type of external resistance has been employed, 
namely, that exerted by a cord wound around a capstan, braked by the arrange¬ 
ment shown in the illustration (p. 220). 

Methods. 

The apparatus used for the electrical timing of the runners was practically 
the same as that used by Hill and his collaborators. In fact, parts are identical, 
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since we are indebted to them for the gift of the recording coils. In our experi¬ 
ments a Moll moving-coil galvanometer (Kipp en Zoonen) was used. This 
instrument has a complete period of 1*3 seconds. The lag of the recording 
apparatus (1, p. 37) was 0*04 Becond. A spectrograph slit was used to narrow 
the beam of light and thus to sharpen the peaks of the deflections. A pendulum 
with a period of about 1 second was used as a time marker in most of the 
experiments. The period was determined at frequent intervals by timing 
several hundred complete vibrations. In later experiments a clock with a 
long wire pendulum was substituted. 

Other features of the recording apparatus were practically identical with 
those described by Hill. The coils of insulated wire were usually placed at 
the following distances from the start, 1, 3, 5, 7, 9, 12, 15, 21, 25, 30, 35, 37*5, 
40, 42 * 5, 45 and 50 yards. The coils were concentrated at the start to give the 
initial acceleration, and between 30 and 50 yards to determine more accurately 
the maximum speed, which was found, by experience, to be attained by our 
subjects within that range. The start was automatically recorded by the 
closing of an electric switch which was included in the pistol. 

To obtain the constant external resistance a metal drum, braked by a measur¬ 
able force, was constructed. This drum with its horizontal shaft revolved on 
ball bearings. A strong light cord was wound on the drum and the free end 
attached to a broad belt fastened about the runner’s waist. The unbraked 
drum exerted no measurable resistance, except at the moment of the start. 
The slight pull at the start unwound the cord much more rapidly than the 
runner could take up the slack. The drum was braked by means of a linen 
band which encircled a narrower drum fastened to the common shaft. The ends 
of the band were fastened to two spring-balances, which were attached to a 
framework above the shaft. The balances could be raised or lowered by means 
of a screw and the friction on the drum thus increased or decreased. The 
pointers on the balances registered the friction as soon as the runner started 
and this remained constant throughout the run. 

The first few experiments were conducted on an outdoor track, the remainder 
were carried out on an inside track where a 60-yard “ straight-away ” was 
available (see figure). The constants in the equation of motion were determined 
for several of the members pf the University of Toronto track team, but it was 
found advisable to use one subject (C.H.B.) for most of the experiments in 
whioh the effect of external resistance was studied. This subject could repro¬ 
duce his maximum speed in different runs on the same day with great con¬ 
sistency (Table II). As a routine procedure, the subject ran first without an 
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external resistance, then made two or three runs with different external resis¬ 
tances, and a final run without resistance. An appropriate interval between 
successive runs was always allowed, to permit complete recovery from the pre¬ 
vious run. The final run without external resistance was always recorded, in 
order to make certain that fatigue due to previous efforts had not reduced the 
maximum speed of the subject. It was considered advisable not to add very 



a. Recording coil; b. Spring balances; c, Cord from capstan to runner's waist; d. Linen 

friotion band. 

large external resistances which might produce a change in the stride of the 
runner. The resistances we have used produced no perceptible change in the 
stride or style of running. 

The photographic records obtained of the deflections of the galvanometer 
were fastened on a wooden block. Vertioal lines were drawn through the 
peaks of the waves, and through the same side of every alternate gap which 
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wu produoed in the record by the pendulum. The distances were measured 
by a steel ruler graduated in 1 /64-inch divisions, and these measurements were 
cheoked by a vernier microscope reading to 1 /100 cm. This value was then 
inserted in the equation, and if found satisfactory was adopted. This was 
almost always the case, but sometimes a very slightly different value was 
more appropriatei In determining Ra/M, if the external resistance be expressed 
in pounds weight, this value must be multiplied by g (10 ■ 73 in yard/second units) 
to obtain R in Hill’s equation. For C.H.B., whose weight was 170 pounds, 
M is 170. Ra/M varies from 0-10 to 0*56, according to the change in R. 

Experimental Results. 

In calculating the change in maximum speed of a subject which should be 
produced by a certain external resistance, it is necessary to know the value of 
the constant a. In Table I fga, a and / are given for several subjects, the 
last three of whom were used in the experiments in which the effect of external 
resistance was studied. 

Table I. 


Subject. 

fga. 

a. 

i _ 

/• 

M. 

J.H.R. 

10-00 

1-300 

0-73 

100 

K.C.M. 

10-70 

1-40 

0-71 

160 

E.W.MuH. 

7-96 

1-033 

0-71 

130 

H.P. 

9-20 

1-20 

0-71 

100 

W.8. 

7-90 

1-00 

0-74 

130 

C.H.B. 

8-87 

1-320 

0-02 

170 


The constancy of the maximum speed attained in the two control runs on 
the same day by the subjects used is satisfactory. The values for these control 
runs and the number of sprints made by the subjects with external resistance 
are shown in Table II. 


Table II.—Maximum Speed without a Resistance. 


Subjeot. 

Before exercise. 

Amount of exercise. 

After exercise. 

C.H.B. 

8 80 

3 runs 

8-87 

C.H.B. 

8-87 

2 runs 

8 88 

C.H.B. 

9 12 

2 runs 

9-12 

C.H.B. 

8 93 

3 runs 

9-14 

C.H.B. 

8-93 

2 runs 

8-98 

C.H.B. 

8*89 

3 runs 

8 89 

C.H.B. 

8-74 

3 runs 

8 74 

W.8. 

8 00 

2 runs 

8 04 

W.8.. . 

7-87 

3 runs 

7-95 

W.S. 

7 88 

3 runs 

7 80 

H.P. 

9-20 

2 runs 

9 20 
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In the seven experiments ya which subject C.H.B. was used, the maximum 
speed attained in the preliminary run agrees well with that in the final, with 
one exception. On one oocasion the maximum speed for the preliminary 
run was 8*93, and for the final 9*14 yards per second. As the maximum speeds 
in these control runs do not show satisfactory agreement, the results are not 
used in Table TV. This is the only trial which is eliminat ed.** It is interesting 
that the subject stated before making the final run in this experiment that he 
felt tired and was doubtful of his ability to equal his preliminary performance. 
The average difference between the preliminary and final maximum speed for 
the remaining 10 experiments is 0-019 yard per second. 

In Table III examples of the figures obtained in two experiments with and 
without external resistance are given. The subjects used in the experiments 
always attained their maximum speed by the time they reached the 46-yard 
mark. The results for the four runs given in Table III show the speed between 


Table III.—Results with and without Resistance. 


Subject. 

Resistance 
(in grams) 

Distance 
(in yards). 

Time from 
preceding coil 
(in 

seconds). 

m 


C.H.B. 

0 < 


21 

30 

35 

40 

45 

50 

1060 

0-564 

0-564 

0-563 

0566 

8-5 

8-86 

8-86 

8-88 

8-83 

• 

> 8-88 

CH.B. 

660 a 


21 

30 

35 

40 

40 

50 

1-069 

0-571 

0-571 

0-572 

0-599 

8-42 

8-75 

8-75 

8 74 

8-34 

j 

. 8-75 




30 



i 




i 

35 

0 582 

8-5 

i 




1 

37-5 

0-289 

8-6 

I 


C.H.B. 

0 

1 

40 

0-281 

8-89 

1 

- 8-89 



1 

‘42 5 

0-298 

8-4 

I 




1 

45 

0 300 

8 3 






50 

0-599 

8 3 

J 





30 

_ 

_ 

i 

| 




35 

0-633 

7-9 

i 





37-5 

! 0-310 

8 0 



C.H.B. 



40 

■■KwTflHH 

8-3 

I 

► 8-47 




42 5 

0 295 

8-47 

I 





45 

0*296 

8-47 

1 





50 

0-637 [ 

7 9 

J 
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the coils placed* at the 30- and 60-yard marks. The sudden decrease in speed 
sometimes observed after the 46-yard coil is reached is due to the fact that 
these is a sharp turn in the indoor track just beyond the 60-yard coil. 


Table IV.—Decrease in Maximum Speed due to a Constant Resistance. 


Experi¬ 

ment 

No. 

Subject. 

[ 

Resistance 

fa 

grume). 

Ba/M. 

i 

Observed 
maximum speed 
without a 
resistance 

(M)- 

Maximum speed 
with a resistance. 

Calculated. 

Observed. 

1 

C.H.B. 

500 

0-10 

8 88 

8*77 

8-76 

2 

C.H.B. 

050 

0 12 

8 88 

8-76 

8-75 

3 

W.8. 

050 

012 

8 04 

7-02 

7 86 

4 

W 8. 

700 

0-13 

8 06 

7 93 

7-00 

5 

W.H. 

750 

0 14 

7 87 

7 73 

7*74 

6 

C.H.B 

750 

0-14 

8 86 

8 72 

8-71 

7 

C.H B. 

750 

0 14 

8 86 

8 72 

8-71 

8 

H.P. 

750 

015 

9 20 

9 05 

0 05 

0 

C.H.B 

850 j 

0 1(1 

8 74 

8 58 

8 58 • 

10 

C.H.B. 

850 

0 10 

8 74 

8 58 

8 57 

11 

W.S. 

875 

0 10 

8 00 

7 00 

7 03 

12 

1 C.H.B 

I 1000 

0 18 

8 74 

8 56 

8*55 

13 

H.P. 

1025 

0 18 

9*20 

9 02 

0 02 

14 

C.H.B. 

1075 

0 20 

8 86 

8-66 

8*67 

15 

CiH.B. ! 

1125 

0 21 

8 88 

8 67 

8 68 

10 

WS. I 

1125 

0 21 

7 50 

7*38 

7*36 

17 

W.8. ! 

2175 

1 0 40 

7 81 

7 41 

7*40 

18 

OHB. ! 

2250 

0 41 

8 80 

8 48 

8*47 

10 

W.S. I 

2400 

1 0-45 

7-81 

7-36 

7*35 

20 

C.H B 

2500 

0 46 

8'05 

8 49 

8 47 

21 

C.H B. 1 

2600 

0-48 

8 89 

8 41 

8*30 

22 

C.H.B. 

3050 

0 56 

8 05 

8 30 

_ 

8*37 


The results of the experiments in which an external resistance was added 
are collected in Table IV. The average difference between the calculated and 
observed maximum speeds for the first 16 experiments is approximately 0*015 
yard per second. That is, the average difference between the maximum Bpeed 
actually observed and that calculated from the equation of Furusawa, Hill and 
Parkinson is not greater than the average difference in the maximum speeds 
of the two control sprints made on the same day. 

This is a satisfactory demonstration that the internal viscous resistance of 
the muscles is not just a hypothesis invented to make the equation fit. the 
observations, but is real, in the sense that it has identically the same effect aa 
an external added resistance. 

Hill (2) has recently calculated the effect of a head wind on the speed of 
a runner. The effect of a head wind would be the same as the external resis¬ 
tance in our experiments, except that the wind pressure is distributed all over 
vol. cm.— b. s 










224 


Equation of Motion of a Runner. 

the projected area instead of being located in the middle of the runner's body, 
as is the tension of the cord. The results reported in this paper confirm Hill’s 
calculations and show that if 1 kilogram be the added effect of any particular 
head wind, it will produce a certain calculable diminution of the maximum 
speed of the runner. As most of our experiments were conducted on an indoor 
track, changes in air resistance, due to wind, did not occur. Hill’s calculations 
show, however, that a decreased speed, such aB that produced in our experi¬ 
ments by the added resistance, involved a smaller air resistance. This 
factor was not taken into account in calculating the maximum speeds shown 
in Table IV. 

Using data which arc available in Hill’s paper (2), calculations show that the 
change in air resistance due to the decreased speed is negligible in the first 
] G experiments in Table IV. In experiment 15, for example, the calculated 
value for the maximum speed with a resistance would be 0*01 yard per second 
greater if the change in air resistance had been considered. In experiments 
17 to 22 the effect of the decreased air resistance is more important. In 
experiment 18 the Calculated maximum speed would be approximately 0-03, 
and in experiment 22 approximately 0 -04, yard per second greater if the change 
in air resistance, as well as the resistance afforded by the drum, had been 
considered. 

These calculations show that there is not quite such good agreement between 
the calculated and observed values of the maximum speeds, in the experi¬ 
ments with large external resistances, as the figures in Table IV indicate. The 
observed maximum speeds are consistently slightly lower than those calcu¬ 
lated. It is possible that the expenditure of energy in starting the drum and in 
acceleration when large resistances are used prevents the runner from attaining 
quite as great a maximum speed as he would if the same resistance had been 
more gradually applied. 

When the effect of the decreased air resistance is considered in calculating 
the maximum speed in experiments 17 to 22, the average difference between 
the observed and calculated maximum speeds in the 22 experiments is approxi¬ 
mately 0*025 yard per second. 

Summary. 

Experiments in which external resistances of varying magnitude have been 
applied to a runner show that the maximum speed of the subject is decreased 
by the amount calculated from the equation of Furusawa, Hill and Parkinson. 
This is a satisfactory demonstration that the internal resistance of the muscles 
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is real, in the sense that it has identically the same effect as an external added 
resistance. 

These experiments were initiated as a result of a discussion of recent work on 
the dynamics of sprint r unning with our colleague Dr. P. J. Maloney. Our 
sincere thanks are due to Prof. A. V. Hill and Prof. John Satterley for their 
helpful interest in the research. It is a pleasure to acknowledge the Bkilful 
technical assistance of Mr. Wm. Parkinson. 
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The Dynamics of Bicycle^ Pedalling. 

By Sylvia Dickinson.* 

(Communicated by Prof. A. V. Hill, F.R.S.—Received June 5, 1928) 

(From the Department of Physiology and Biochemistry, University College, London.) 

According to recent developments in the theory of muscular action, the 
average external force exerted during a muscular movement, carried out with 
maximal effort, may be regarded as equal to a constant theoretical force 
diminished by an amount proportional to the speed of movement. As a 
deduction from this, the relation between certain quantities involved in a 
specified type of muscular exercise can be expressed in the form of a mathe¬ 
matical equation. The equation can then be tested by experiment. Certain 
kinds of human limb movements have already been subjected to this form of 
analysis (5), (6), (7), (8). In the present paper is described a similar investi¬ 
gation of the movements of pedalling a bicycle. 

Consider the case of a subject pedalling a bicycle against a constant resis¬ 
tance. The resistance might be due to a hill of oonstant slope, or, in the case 
of laboratory experiments with a bicycle ergometer, to the friction of a band 
applied to the wheel. Let P be the maximum force (averaged over the whole 
range of foot movement) that can be exerted by the leg at right angles to the 

* Working for the Industrial Fatigue Research Board of the Medical Res e arch Council. 
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pedal crank when the rate of pedalling is such that one foot movement (*.«., 
half a complete revolution of the crank) is completed in t seconds. Then 
according to the theory, the relation between P and t should be capable of 
expression in the form, 

P = P„(l-*/t), 

where P 0 and k are constants. P 0 represents the maximum force that could 
be exerted at right angles to the pedal crank, and would be attained only if 
the movement could take place infinitely slowly ; while k represents the short¬ 
est time in which the movement could be completed, and would be attained 
only if no external work were done. The constants have a theoretical meaning 
only, and cannot be measured directly. If the theory holds, they should be 
characteristic for a given subject in a given bodily condition. 

Let a be a constant, such that aR is the force that muBt be exerted at the 
pedal to overcome R at the rim of the wheel. The value of a depends on the 
dimensions of the bicycle. Now when the bicycle is started from rest, the force 
P is equal to aR, plus the rate of change of momentum of the moving parts, 
multiplied by a suitable constant. As the rate of pedalling increases, the 
internal frictional resistance in the muscles P„j kjt increases, and the external 
force given by P 0 (1 — k/t) decreases, until it becomes equal to aR. Then no 
further increase of speed can occur. Thus a maximum speed is reached. 

If t be the time of one foot movement when the maximum speed is attained, 
then 

oR = P 0 (1 - k/t). 

ThiB gives a relation between the “ load ” R and the maximum speed 
l/l that can be reached. With a bicycle ergometer it is possible to make 
observations of the maximum speed of pedalling that can be attained when 
pedalling against a given load. By plotting the observations so obtained, a 
graph can be drawn showing the relation between load and maximum speed. 
If the above equation holds, then the graph obtained should be a straight line 
cutting the axes at a speed 1 Ik and a load P 0 respectively. Thus by experiment 
it is possible to ascertain whether the above relation holds, and, if it does, to 
determine the value of the constants P 0 and jfc for any subject. 

Details of Experiments. 

A friction bicycle ergometer as designed by Martin (l) was used. A modified 
arrangement was adopted for applying the tension to the ends of the friction 
band. The cord leading from the end of the band coming from the under¬ 
side of the wheel was led over a pulley mounted on ball-bearings fixed in front 
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of the bicycle, and tension was applied by hanging weights on the free end of 
the cord. The other end of the band was sewn round a piece of aluminium 
tubing, from the ends of which cords passed on either Bide of the uprights of 
the bicycle, supporting saddle and handle-bars, to a Bpring-balance fixed 
horizontally in front of the bicycle. When the spring-balance was to be read 
by the bicyclist instead of by a second experimenter, it wasfcfixed to the upright 
supporting the handle-bars and so lay horizontally between the cyclist's legs. 
When the bicycle is being pedalled the difference between the weight hung on 
the cord and the tension recorded by the spring-balance gives the foroe exerted 
at the rim of the wheel. The use of a weight instead of a spring-balance on 
the “ positive ” side has the advantage that stretching of the cord or band 
during an experiment will not cause any permanent change in the force at 
the rim. The spring-balance read by 0*1 kgm. up to 10 kgms. 

The turns of the wheel were recorded by a signal magnet, writing on a smoked 
drum and excited when a contact was made, once in each revolution of the 
wheel. A second signal magnet wrote on the drum, the circuit exciting which 
was made and broken by a metronome. The metronome made contact on 
alternate beats, at intervals of about 1 second ; the interval between contacts 
was determined by calibration with a stop-watch. The speed of the drum was 
arranged so that 1 second was represented by about 2*7 cm. From the 
record so obtained the speed of pedalling was determined. 

The gearing of the bicycle was 3 pedal revolutions to 8 wheel revolutions. 
The radius of the wheel was 25 cm. The length of the pedal crank was 18 cm. 
Hence the component of the force exerted by the foot in a direction perpendi¬ 
cular to the crank was equal to 3*7 times the force exerted at the rim of the 
wheel. The pedals of the bicycle were fitted with toe-clips so that the subject 
could press the pedals forward as well as downward. 

In performing an experiment a series of readings was taken, starting with the 
lighter loads, increasing to the heavier loads, and then repeating some of the 
lighter ones. For each reading the subject started with one pedal ready to be 
pushed downwards at 45° from the top position. The wheel could then be 
started with a jerk. The subject pedalled as fast as possible for about 10 seconds, 
the maximum speed being attained within this time. Between readings the 
subject rested in a chair. In order to ensure constancy in the type of move¬ 
ment, it is important that there should be no sideway movements of the body 
or rising from the saddle. The pressure exerted by the legs is counter¬ 
balanced by the weight of the body, and by the arms pulling upward on the 
handle-bars. 
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The range of load a that can be used in this experiment is limited at both ends 
of the scale. With a very light load the feet can move bo quickly that they 
tend to fly off the pedalB and the subject cannot induce himself to pedal aa 
fast as his muscles would let him. The lightest load possible for men was 
found to be about 6jj kgms. at the rim of the wheel, and for women about 

3 kgms. With the heaviest loads a point is reached at which the subject is unable 
to move the pedals when they are in the least advantageous parts of the 
movement. This load was reached for women at about 10 to 12 kgms., differing, 
of course, for different individuals. For men it was not reached within the 
range of loads used. In practice the range is more restricted, because with 
heavier loads, approaching the heaviest that can be moved, the pedalling 
becomes very uneven. It is to be noted that all the loads used were heavier 
than those generally employed in experiments with the ergometer bicycle. 

Results. 

It was found that a maximum speed of pedalling was reached after about 

4 seconds from the start. After about 7 to 10 seconds an appreciable decrease 
of velocity occurred, owing to the onset of fatigue. In Table I are shown the 


Table I. 


8ubjeot. 

Weight. 

Height. 


D.H.(1) 

kgra. 

53-5 

cm. 

175 « 

L 

Load 

31 

4-5 

56 

0 4 


Time of log move¬ 
ment, second* 

0 232 

0-282 

O 366 

0 433 

— 


0 250 

0-281 


EES 


8.D. (2) 

53-5 

160 • 


Load 

31 


0*2 

7-8 

9 2 

Time of leg move¬ 
ment, seconds 

H|jjj 




0 401-* 



0-281 



H.D.D. (3) 

84-5 

178 j 


Load 


0*4 


11-8 


Time of leg move¬ 
ment, seconds 


HR 

K 


0-330 







S.M. (4) 

■ 

| 


Load 

4 5 

5« 

0-8 

0-4 

10*4 

Time of leg move- 
movement, seconds 


0-205 

■ 

HR 

lifiii 

0-559+ 

0-230 

0-261 

0-295 

0-427 

0-620*- 


The load is given in kilogram! at the rim ol the wheel. 
Subject* (1), (2) and (4) are women. 
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results obtained on one man and three women. In these experiments, after 
the greatest load had been reached, the observations were repeated, using the 
same loads in descending order. In Table I the second observation with a 
given load is put below the first, in order to show how accurately the result 
for the maximum speed is reproduced on the second-occasion. The results 
do not consistently show the effects of either fatigue or practice, except in the 
case of the subject S.M., who gave a slightly higher result for the maximum 
speed in all the repeated observations. 

From the results of these experiments graphs were plotted, the ordinate 
representing the force at the rim of the wheel, and the abscissa the number of 
half-revolutions per second. Fig. 1 shows the graphs obtained from three of 
the experiments : that of the fourth is so close to the middle one of the other 
three that it is omitted. Similar experiments performed on the subjects 
D.H. and S.D. on other occasions gave lines substantially the same as those 
shown for these subjects in fig. 1. 



Flo. 1.—Relation between foroe overcome at rim of whocl and number of half -revolutions 
per second at maximum speed for three of the subjects of Table I (D.H. and S.D. are 
women). 

Measurements were made also on two other men and one other woman. 
The results of all the experiments, that is, on three men and four women, are 
shown in fig. 2. The graph for each individual was first drawn and the values 
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of the constants found. Then for each observation values of the ratio of the 
force to the theoretical maximum force, and of the speed to the theoretical 



Fio. 2.—Relation between P/P, and kjt for wven subjects . three men and four women 
To obtain the values P/P, and kjt the values of P, the load, and 1/1, the maximum speed, 
found for each subject were first plotted. From the graphs obtained, P„ the maximum 
force, and l/k, the maximum spood, were found for each subject. Then P/P 0 and kjt 
uere calculated for each experimental value of P and l/< and plotted, the purpose 
being to make the observations on all subjects directly comparable m a single diagram. 

maximum speed, could be calculated. These values are plotted together in 
fig. 2. It is scon that the points are distributed about a straight line. 

From the graphs of fig. 1 it is seen that k,' the theoretical minimum time, is 
not very different for different subjects. The values lie between 0*109 and 
0*162 second. The experiments on the other subjects gave values of the same 
order. On the other hand, the value of Pg, the theoretical maximum force, 
showB wide differences, the most marked being those between the values given 
by men and by women. For the women, the values of P 0 lay between 37 kgms. 
and 56 kgms.; for the men, they lay between 75 kgms. and 85 kgms. 

From the results it is interesting to calculate'(1) the theoretical maximum 
force expressed as a fraction / of the body weight; (2) the theoretical 
maximum work W 0 done in one foot movement. For the four subjects of 
Table 1, these values are as follows 
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Table II. 


! 

1).H. 

1 

8.D. 

H.DJ). 

S.M. 

P„ kgm. 

I 37 5 

52 

83 

55-5 

/. 

! 0-70 

0*97 

0-07 


kgnu.-motrea 

1 211 

l 

29*4 

46 8 

31-4 


It is important to note that the force P measured in the experiments is the 
component, perpendicular to the crank, of the force exerted by the foot averaged 
over the whole range of movement. Hence, P 0 gives the maximum force 
perpendicular to the crank, averaged over the whole movement. 

Since the way in which muscles come into play is different at different stages 
of the movement, and since the pressure on the pedals is not adjusted to be at 
right angles to the crank at all points, the effective turning force varies at 
different stages of the movement. If the muscles are always used in the same 
way, then the average effective turning force will be a constant proportion of 
the average force actually exerted. These considerations serve to explain 
why the value of / is lower than would be expected. The maximum force 
averaged over the whole range of movement is less than the maximum force 
that can be exerted in the most advantageous positions of the pedals, that is, 
when the crank is horizontal. In the most advantageous position of the pedal, 
the bicyclist can exert a force greater than his own weight; the maximum 
force averaged over the whole movement is less than his weight 

The force P 0 has a certain practical meaning. Since it is shown that the 
internal resistance, due to the “ viscosity ” of the muscles, has the same effect 
as an externally applied force, the maximum force P 0 represents the total 
effective turning force exerted in a maximum effort, and is used partly in over¬ 
coming the external resistance and partly in overcoming the internal resistance 
due to muscle viscosity. 

The constants P 0 and k, found from the experiments, are constants for a 
given individual, under given bodily conditions for the prescribed movement. 
Values of the constants as determined depend not only on the qualities of the 
muscle involved, but also on the range of movement permitted, and on the 
way in which the contraction of the muscles used is related to the movement of 
the extremity of the limb and to the effective force exerted by the limb. If. 
for example, the movement employed were of only half the full extent of which 
the muscles were capable, the value of k (which may be regarded as the 
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“ theoretical minimum time ” for an unloaded movement) would be half that 
corresponding to the full movement. The fact that the k found here is less 
than that given by Lupton (6) is presumably due to this cause. 

Discussion. 

In their paper on the “ Dynamics of ‘ Sprint' Running,” Furusawa, Hill 
and Parkinson (8) showed that the assumption (a) of an internal resistance 
proportional to the speed and (6) of a constant propelling force would explain 
the acceleration of a runner and his attainment of a maximum speed. Their 
equations predicted that a constant external resistance applied to a runner, 
e.g., by a wind, would reduce his maximum speed in proportion to the 
resistance. 

The experiment has actually been made by Best (9) and the prediction 
verified. The experiments recorded here are fundamentally of the same nature 
as those of Best; the maximum speed is found to decrease as a linear function 
of the load. The linear relation existing in man between force exerted and 
speed of movement was deduced originally from experiments with an inertia 
ergometer (5), (6). It has been confirmed (a) by the existence of an optimum 
speed (7), (6) by experiments on the acceleration of a “ sprinter ” (8), (c) in 
the experiments by Best on the effect of applying a load to a runner, and (d) 
by the present observations. As a quantitative expression of the relation 
between force exerted and speed attained, it may be regarded as satisfactorily 
established in the case of muscular movement in man. 

One conclusion of importance can be drawn from the existence of a linear 
relation between speed and load. It was shown theoretically by A. V. Hill (B), 
and confirmed experimentally by Lupton (7), that such a relation must lead 
to the existence of an optimum speed of movement, at which the mechanioai 
efficiency is greatest. The same considerations apply exactly in the present 
case, and experiments to be described in a later paper confirm the existence of 
an optimum speed, and show that in pedalling on a road, efficiency demands the 
choice of a gear-ratio allowing a rate of leg movement not too far from the 
optimum. 

Summary. 

1. Recent studies of the maximum speed of human muscular movement 
have indicated that an external applied resistance should cause a proportional' 
diminution in the speed. In the present experiments the maximum speed of 
pedalling a bicycle ergometer has been determined as a function of the load 
applied to the wheel. 
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2. The relation between maximum speed and load is linear, the speed 
decreasing as the load increases according to the equation P = P 0 (1 — kjt ); 
here P is the force exerted at right angles to the pedal crank, P 0 the “ theoretical 
maxim um force ” attained only at zero speed, k a “ viscosity ” factor, the 
“ theoretical minimum time,” and t the actual time of a single leg movement. 

3. The value of k , the “ viscosity ” factor, is much the same in all the sub¬ 
jects examined ; P 0 , the 11 strength ” factor, varies widely from one to another. 

4. It is deduced that bicycle pedalling, as other forms of movement involving 
the overcoming of an external resistance, will show an optimum speed at which 
the mechanical efficiency is highest. 

My thanks are due to Prof. A. V. Hill for his interest and help during the 
investigations, to Mr. Downing and Mr. J. L. Parkinson for the construction 
of the ergometer, and to all those who acted as subjects for the experiments. 
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The Factors determining the Maximum Work and the Mechanical 

Efficiency of Muscle. 

By W. Hartree and A. V. Hill. F.R.S. 

(Received June 0, 1928.) 

(From the Phyuologioal Laboratory, Cambndge.) 

In order, in a prolonged contraction, to obtain the maximum work from a 
muaole, the load must be so adjusted that at every stage the muscle is just, 
and only just, able to overcome it; and the speed of shortening must be as 
low as possible. Levin and Wyman (1), in their work on the “ viscosity ” of 
muscles, employed an ergometer which, allowing the muscle to shorten at any 
desired speed, measured the maximum work which it was capable of per¬ 
forming at that speed. Their instrument, which records a tension-length 
curve on a fixed smoked surface, is very accurate and convenient to use, and 
it is theoretically inconceivable that greater work—at a given constant speed— 
could be recorded by any other means. The only way to increase the work is 
to decrease the speed, in order to reduce the energy wasted in overcoming the 
internal resistance of the muscle. 

From the point of view of the mechanical offioienoy of muscle (i.e., ratio of 
work done to total energy liberated) prolonged contractions are to be avoided, 
since they require large amounts of energy to be liberated in maintaining them 
(7). The matter has been discussed by one of us and his colleagues in several 
places (2), (3), (4), (5), p. 32, (6), pp. 48 and 81. It is clear that for a high 
efficiency the contraction .must be of comparatively short duration: there is 
indeod, for human muscles, an optimum duration at which the efficiency is 
greatest. We were led therefore to a consideration of the maximum work 
obtainable in the response to a short stimulus, and to an experimental deter¬ 
mination of the maximum mechanical efficiency of the frog's isolated muscle. 
The matter is much more complicated than is the simple case of a prolonged 
contraction, considered by Levin and Wyman, and it has required the examina¬ 
tion of the effects of varying several different factors. 

The ergometer employed was the identical instrument described by Levin 
and Wyman ((1), p. 222). Its records (see figs. 1 and 4 below) were made by 
a lever writing on a smoked glass surface, and were reproduced on photographio 
paper as contact prints. The moving member was released by an electromagnet. 
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the current in which was broken at any desired moment by an arm on the 
revolving contact breaker (8), which determined the duration of stimulus. 
Its speed was adjusted by altering the setting of the needle-valve, which 
regulated the rate of flow of oil. The work done by the muscle was calculated 
in gram-centimetres from the area of the tension-length curve. The muscles 
used were in all cases a pair of frog's sartorii, from Rana esoulenta or R. tem- 
poraria. They were placed upon a thermopile in a muscle chamber of the 
type described by Hartree and Hill (9). The initial heat-production was 
recorded in the usual manner on a galvanometer scale. The temperature of 
the muscle was that of the Dewar flask in which the chamber stood. 

In all that follows it should be understood that reference is to contractions 
of limited duration, and that the initial phase only of contraction (t.e., not 
including recovery) is considered, unless the contrary be stated. 

(1) The Variation of Work with Speed of Shortening. 

If the speed of shortening be too low, little work will be done, owing to the 
fact that relaxation sets in, and the tension of the muscle disappears, before 
the process of shortening is complete. If the speed be too high, again little 
external work will be done, but in this case because of the internal resistance 
(“ viscosity ”) of the muscle, which increases with the rate of shortening. At 
intermediate speeds the work is greater, and attains a maximum at one 
particular speed. 

These factors are well illustrated by the records of fig. 1 and the curves of 
fig. 2. In the set of records denoted 16.5.27, in fig. 1, a pair of frog’s 
Bartorius muscles was employed at 0° C., and subjected to a tetanus (a) of 
£ second (lower half) and ( b) of \ second (upper half). Starting at the lower 
right-hand corner, the muscle was given 4 isometric stimuli of £ second. It 
was next allowed to shorten at a speed denoted by J (which represents the 
adjustment of the needle valve regulating the speed), doing work equivalent 
to the area of the first tall thin curve. The arrow on each curve denotes the 
direction of shortening It will be noticed that the movement was so alow that 
the muscle had relaxed before shortening was complete. The speed was then 
increased to the value denoted by $, and another curve recorded, the height 
being less (owing to muscle “ viscosity ” hindering the development of tension 
at the higher speed), but the width greater (owing to a greater amount of 
shortening before relaxation set in). The speed was then adjusted successively 
to the values denoted by f, 1, 1$, 2, 2, 1J, 1, j, J, |; and finally three 
isometric records were taken. The results are very regular. The greatest 
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0’2S 

MO. 


0-1 

MO. 


Fig. 1.—Effect of speed of shortening on the work done in a contraction of limited dura- 
turn. Tension-length records t made by the Levin-Wymon ergoraefcer, in three 
experiments. Actual size, length, 20° from horizontal; tension, 20° from vertical 
Arrows show the direction of shortening. Numbers refer to the speed of shortening 
given by the setting of the needle-valve of the ergometer. A or 0 » isometric. 
(For details, see text and fig. 2.) 



Fio. 2.—Effect of speed on the work done in a contraction of limited duration. Graphical 
representation of the results of two experiments of fig. I. A « experiment of 10.5.27 
at 0° 0 ; B « experiment of 15.6.27 at 14*5° C. 
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force is developed at zero speed (isometric) and the maximum tension steadily 
falls as the speed increases, until finally practically no force is developed, and 
no work done, at the highest speed, denoted by 2. 

The experiment was then repeated with a tetanus lasting £ second, in the 
order reading from right to left and proceeding upwards. The same identical 
phenomena appear. The work done, as calculated from the areas of the 
curves, is expressed in fig. 2, A, as a function of the speed. It is seen to rise from 
zero at zero speed (isometric), to pass through a maximum, and to fall to zero 
again at the higher speeds. 

For the records denoted 21.5.27 in fig. 1 a pair of sartorii was stimu¬ 
lated for 0'1 second at 15° C. Starting again from the bottom right-hand 
corner there are, in order, contractions at speeds of shortening denoted by 0, 
$, 1, 1}, 2, 3, 3, 2, 1$> 1, $, J, $, and 0. The higher temperature, having 
diminished the duration of contraction, has made the slower shortenings (<e.g ., 
J and $) less effective : relaxation sets in far too early to allow a considerable 
amount of work to be done at such speeds. On the other hand, the higher 
temperature has diminished the “ viscosity ” of the muscle, and so given a 
greater effectiveness to higher speeds of shortening. Consequently at speed 2, 
where practically no work was done in the experiment at 0° C., the work at 
15° C. is near its maximum: even at speed 3 the work has not fallen con¬ 
siderably. It would require very high speeds, beyond the effective range of 
our instrument, to reproduce at 15° C. the whole curve of fig. 2, A. The results 
of this experiment are as follows •— 

Speed . 0 i l 1 1$ 2 3 

Work. 0 9 19 34 43$ 43 41 

For the records denoted 15.6.27 in fig. 1 a pair of sartorii at 14 *5° C. 
was stimulated for 0 * 1 second (lower group) and for 0 * 25 second (upper group), 
the speeds of shortening being as shown, and the direction, as usual, from left 
to right. The onset of relaxation is easily seen in the curves for the longer 
stimulus. The results of this experiment arc shown in fig. 2, B. The work done 
is greater than at the lower temperature, but it is obvious that exaotly the 
same type of relation exists between work and speed, the speed necessary 
to obtain the maximum work being about 2$ times as great at 14*5° C. as 
at 0° C. 

(2) The Variation of Work with Duration of Stimulus. 

It was Bhown by Fick many years ago ((10), p. 61) that a muscle allowed to 
shorten in such a way that, at every stage, it is just able to overcome the external 
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resistance to which it is opposed, will perform an amount of work equal to its 
theoretical maximum, viz., to the area of its tension-length curve. We know 
now, particularly from the work of Levin and Wyman (1), that the attainment 
of such maximum work in a prolonged tetanus requires a very low speed of 
shortening; in fact the lower the speed, the greater the work (neglecting the 
possible incidence of fatigue). In this paper we are not concerned with pro¬ 
longed contractions, only with those of limited duration, and we have seen above 
that in such contractions, owing to the onset of relaxation, there is a definite 
fljK'cd at which the work is greatest. The curves, moreover, of fig. 2 show, so 
far as they go, that for a given speed of shortening the work increases as the 
duration of the stimulus increases. We will now examine, in greater detail, 
the relation between work and duration of stimulus. 

In Table I are given the results of 11 experiments, in each of which the 
relation between work done and speed of shortening was determined, as 


Table I.—Relation of Maximum Work, and corresponding Speed, to Duration 
of Stimulus. (Speed is given in settings of the needle-valvo on the 
piston.) 


Number 

1 

2 

3 

4 

Temp., ° C. 

141 

15 

15 

15 

Duration (seconds) 

0 03 

0 10 

0 20 






0 10 

Max. work (giro, cns.) 

10 

481 


20 

52 

171 

42 


33 

Speed ! 

i 

1 6 

1*6 

1*5 

1 7 

1-8 

1-5 


B 

2-0 

Number 

5 

j 6 

7 

Temp, 0 C. 

15 

!5 

0 

4 (later) 

Duration (seconds) 

0 03 


0 03 









28 

42 

37 

63 

19 

30 

37 

14 

27 

20 

Speed 

2 0 

2*0 

1 4 

14 



0*7 

0*70 


0'66 

Number 



8 

9 

10 

11 

Temp., ° 



0 

0 

0 

0 

Duration (seconds) 



0 25 



1 0 


10 

0 26 

0-6 

Max. work (gnn. cms.) 

23 

26 

361 

50 

46 

57 

30 

87 

Speed 



0 6 

0-4 

H 

B3 





















































Factors determining Maorimum Work of Muscle. 289 

described above, for at least two durations of stimulus. The curves repre¬ 
senting this relation were similar, in every case, to those of fig. 2, and it is 
unnecessary to reoord their characteristics in detail. We nhn.ll refer only to 
the greatest work, and the speed at which that work was attained. The work 
was plotted as a function of the speed; the maximum work, and the speed of 
shortening corresponding to it, were then read off, and are given in Table I 
for each duration of stimulus. 

From Table I we see that, as would be expected, the Trinmirmnn work increases 
with duration of stimulus, but that over the comparatively narrow range of 
durations dealt with the optimum speed (t.e., the speed giving maximum work) 
is practically independent of the duration. The first of these conclusions is 
always true : the second is for the narrow range of stimulus-duration corre¬ 
sponding to a twitch-like form of contraction. It is well known that a short 
tetanus produces a much stronger, but not a much longer response, than a 
single shock. If the stimulus be prolonged there is no doubt that the optimum 
Bpeed, for maximum work, is reduced ; in a very long contraction the optimum 
speed is very low indeed, as Levin and Wyman showed. We see the beginning 
of this effect in experiments 9 and 10 of Table I. For the shorter durations, 
however, up to 0-25 second at 15° C., and up to 0*5 second (probably even to 
0’76 second) at 0° C., the chief effect of prolonging the tetanus is to 
the strength, rather than the length of the response, and within this range we 
find that the optimum speed, for maximum work, is independent of the duration 
of stimulus. Indeed, from the table, it is obvious that the optimum speed, 
for a given temperature, is practically the same for different muscles, as well 
as independent of the (short) duration of the stimulus. This is a great 
advantage to the experimenter, for it means that the optimum speed and maxi¬ 
mum work can be realised at once, practically without trial, by a standard 
Betting of the ergometer. 

The manner in which, for a given speed of shortening (corresponding approxi¬ 
mately to maximum work), the work varies with the duration of stimulus, is 
shown by the experiments of Table II. 


TOL. cun.—s. 


T 



240 W. Hartree and A. V. Hill. 


Table II.—Variation of Work with Duration of Stimulus: Constant 

Speed. 

A.— Temperature, 0° C. Work in gram-centimetres. Duration in seconds. 


Duration. 

n 

0 25 

m 

0-75 

10 

Work, experiment 1 

10 

2d 

41 

[Ml 

01 

l> F» 2 , 

20 

33 

40 

[5dj 

63 

ti si 3 . . . . 

18 

27 

37 

40 

55 

M M ^ 

18 

284 

30 

474 

M* 

•i if 5 . . . . 

13 

22 

[82] 

[40] 

49 

Work, mean 

18 

28 

38 

49 

57 


Quantities in square brackets were interpolated between others at slightly 
different durations. 

B.— Temperature, 15° C. 


Duration. 

n 

01 

0*2 

mm 

Work, experiment 1 

16 


41 

53 

t» it 3 

18 

33 

391 

— 

Work, mean 

17 

32 

40 

53 


The results of Table II are shown in fig. 3. The work, for a given speed of 
shortening, increases with duration of stimulus much more rapidly at a high 



Fig. 8.—Relation between maximum work and duration of stimulus, in a contraction of 

limited duration. 
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temperature than at a low one, in the same way as does any other characteristic 
of the mechanical response, e.g., the isometric tension. The maximum work 
is obviously, for many purposes, the best measure of the mechanical response, 
and its relation to duration of stimulus is shown in fig. 3. 


(3) The Effect, on the Work, of varying the Moment of Release. 

If the ergometer be timed to start directly the stimulus is applied, the 
tension of the muscle will not have reached its full value, indeed in the early 
stages of contraction it may be exerting very little force: consequently the 
work done may not be as great as if the muscle be held fast initially and allowed 
to shorten only after its tension is more fully developed. It is not possible, 
a priori, to calculate how large this effect of a later release may be; experi¬ 
ments therefore have been made to determine its magnitude. 

In the experiment denoted 13.5.27 in fig. 4, two sartorii at 0° C. 
were stimulated for half a second, and the ergometer was released at various 



0° C. 0*5 sec. 

Fig. 4.—Effect of a delayed release on the work done at a given speed of shortening in a 
contraction of limited duration. Tension-length records, actual sice, as fig. 1. Numbers 
refer to the interval between beginning of stimulus and moment of release, expressed 
in divisions of the contact-breaker (63 =3 1 second). (See text and fig. 5.) 

intervals (represented by 1, 8,18, 31$ and 43 divisions of the revolving contact 
breaker) after the beginning of the stimulus; these correspond to times of 
0*016, 0*125, 0*285, 0*50 and 0*68 seconds respectively. The speed of 
shortening was very slightly less than the optimum. Starting from the right- 
hand bottom corner the records are given in order, shortening being from left 
to right as shown by the arrows. In the curves denoted 1 the movement 
clearly began very slightly before the tension of the muscle was manifest. 
In the record denoted 8 the tension had attained about half of its full isometric 
value (see the lines noted eo) before shortening began. In record 18, 80 per 
•oent. of the full tension was attained before release; in record 31$, 95 per 

v 2 
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cent.; in record 43, 100 per cent. Two isometric stimuli won then applied, 
and the series repeated in reverse order. The results were as follow:— 


Moment of release (seconda) 

0 016 

0*126 

0-286 

O-fiO 

0*66 

OD 

Mean vork (grin, omv.) 

44* 

49 

44 

S5 

24* 

0 


It is clear that a definite, though small, advantage is gained by a later release. 
A number of such experiments have been performed, with results given in the 
following table. 


Table III.—Effect of Delayed Release on the Work Performed. (Times of 
release are given in divisions of the contact-breaker, of which 63 = 1 
second.) 


Experiment 1.—0° C. J second tetanus. Optimum speed. 


Time of release 

)* 

8 

18 

31* 

43 

Work (grm. oma.) 

38 

39 

36 

29 

22 


Experiment 2.—6° C. J tetanus. Nearly optimum speed. 


Time of release 

u 

7* 

16 7 

23 

31 

Work (grm. cmi.) 

20* 

29 

20 

13 

7* 


Experiment* 3, 4, 5.—13° C. 0*1 second tetanus. 


Time of release 

1° 

l 

2 

3 

4 

6 

6 

7 

8 

9 

11 

12 



I 


Work, experiment 3 

m 

40 

43 

39 

38 

_ 

33 

_ 

26 

B 

ffl 

_ 


** 

3 

B 

M M n 

— 

26 

27 

26 

— 

23 

— 

17 

— 

Eu 

B 

3 





»* ft ^ 


34 

40 

41 

— 

34 


28 

— 

20 


H 

3 

i 

B 

i 


Experiment 6.—14° G. 0-03 second tetanus. 


Time of release 

1 

2 

3 

4 

6 

Work 

21 

19 

16 

« 

14 

7 


Experiment 7.—15° C. 0 • 1 second tetanus. 


Tube of release 

0 

2 

6-3 

11 

Work 

«* 

44 

34 

17 
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The results of experiments 3, 4, and 0 are exhibited in fig. 5. The relation 
between work and time of release was plotted for each of them, and a curve 
having the mean height of the three was calculated. The optimum interval 
between beginning of stimulus and moment of release is quite short: it 
depends upon the temperature (».«., on the quickness of muscular response) 
and upon the duration of stimulus (for a single twitch it would be very short). 
At 13° C. with 0*1 second tetanus it is about 0*04 second. In attempting to 
attain the maximum work and efficiency, the improvement rewriting from a 
slight delay in release, though small, cannot be neglected. 



oontnetion of limited duration. Mean of three experimenta at 13° 0., aee text. 

(4) The Maximum Efficiency of Muscle. 

We have described above the conditions which determine the maximum 
work in st short contraction: the attainment of this maximum requires a 
certain optimum speed of shortening, and a certain small delay in the release 
of the ergometer. If the heat-production be measured at the same time as the 
work, we can, by adding these together, obtain the total energy; thus the 

vorlr 

quantity —*- which we may call the “ efficiency ” of the initial 

total energy 

process, can be calculated. It has reoently been shown by one of us (11) 
that the ratio of total to initial heat in an isometrio contraction is about 2 *07, 
and by the other of us (12) that this ratio is unaffected, substituting the word 
energy for heat, by a considerable amount of work done in the con¬ 
traction. If, therefore, we can determine the maximum “ efficiency ” of the 
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initial process, then by the simple expedient of dividing it by 2*07 we can 
calculate the “ efficiency ” of the whole muscular cycle. The 

“ efficiency ” of the isolated muscle has been determined before, but never 
with such a satisfactory arrangement for obtaining maximum work as the 
ergometer employed in the present experiments. 

Strictly speaking, the maximum work and the maximum efficiency may not 
occur under precisely the same conditions. The total energy is known to 
vary with the work (Fenn (13) (14)), and if the variation of total energy were 
considerable, and if the conditions determining the position of its maximum 
were considerably different from those determining the maximum work, 

then the ratio -work— might attain its greatest value at a different 

total energy 

position from either numerator or denominator. Actually, however, the 
variation of the total energy is only a comparatively small fraction of its 
whole amount, and, moreover, the total energy is practically stationary within 
the region of the maximum work: in fact, therefore, the mariwnim efficiency 
is found so close to the maximum work that in practice it is sufficient to 
determine the maximum work and the simultaneous value of the total energy, 
and then dividing one by tbe other the maximum efficiency is obtained. 

In many cases, in the following experiments, the speed and moment of release 
were varied, simultaneous observations of work and heat being made, and the 
maximum efficiency found after plotting the data as functions of the quantity 
varied. In other cases long experience of the conditions under which maximum 
work is obtained was assumed to warrant standard settings of speed and 
moment of release. Tbe experiments were made with various durations of 
stimulus and at various temperatures. 

Tbe heat-production was measured in the maimer adopted now for several 
years in the Cambridge Laboratory. Tbe beat was calculated fox the whole 
muscle (since the whole muscle does work) after the usual calibration, 

... , . , , weight of whole muscle 

multiplying by the factor — . ,, . - p, x . - . — , ■. 

r weight between calibrating electrodes 

The results of 22 separate experiments, made on 21 pairs of sartorius muscles, 
at intervals between March 1 and June 27, 1927, are given in Table IV. The 
contractions were all of unlimited extent (the muscle shortening as far as it 
was able), with a short interval between beginning of stimulus and release, 
and at or very near the optimum speed of shortening; the muscles were in 
good condition throughout. 
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Table IV.—The Efficiency of the Initial Process of Contraction. (Note: the 
efficiencies are given as a per cent.) 


Experiments 1 to 10, at 0° C. 


Duration (seconds). 

a 

0-25 

0-5 

0-6 

0-7 

0-75 

10 

Efficiency, experiment 1 

22 

234 

24 

_ 

_ 


is 

29 

„ „ 2 

„ „ 3 

27* 

2ft* 

2H 

20 


, m 

26 

. 28* 


24 

24 


— 

— 

# 25 


M 99 5 

20 

21 


23 

— 

— 


99 fp 5 


—. 

25 

— 

— 

— 


» .. 7 


— 

32 

— 

— 

— 


„ „ 8 

*9 „ 0 

„ ,, 10 

1 

— 

20 

271 

— 

— 

— 


31* 

33* 

34 

— 

— 

— 

Mean of 1 to 5 

24 

24J 

26 


— 

— 

26 


Mean of all 26 per cent . 


Experiments 11 and 12, at 4° C. ; experiment 13 at 6° C. 


Duration (seconds). 

0 00 


0-5 

Efficiency, experiment 11 

WM| 

ISPIM 

28* 

M H ^2 


' | 

21* 

99 ft 13 

pS™ 


23* 


Mean of aU 25 per cent . 


Experiments 14 and 15 at 13° C.; 16 at 14$° C.; 17,18,19, 20, 21, 22 at 15° C. 



The results of Table IV are seen to be very consistent. At 0° C. there appears 
to be a very slight tendency for the maximum efficiency to be higher at the 
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longer durations, but no such tendency is visible elsewhere. There seems to 
be no effect of temperature on the maximum efficiency. The average value 
for the 66 observations recorded in the table is 26 per cent.; the average 
deviation of a single reading from the mean is just over. 2 per cent. Such 
observations as these involve a great many measurements; they are neces¬ 
sarily subject to experimental errors of several kinds, and in addition there are 
inevitable variations in the tissues employed. Considering all this the con¬ 
sistency with which the 66 independent values given in Table IV group 
themselves round the mean of 26 per cent, is a sign of the real and essential 
constancy of the maximum efficiency of the isolated muscle. This maximum 
is unaffected by temperature, and—within the limits of a “ short ” contraction 
as defined on p. 239 above—by the duration of the stimulus. 

The value of 26 per cent, for the maximum efficiency of the initial process 
is not far greater than the 20 per cent, found on the average for the frog by 
Fenn ((13), p. 194) for an isotonic contraction after-loaded with a suitable 
weight, and only slightly greater than the 23 per cent, found by him for a 
contraction against an inertia lever. For the toad, Fenn’s average values are, 
isotonic contraction 21 per cent., inertia lever 29 per cent. A discussion of 
the meaning of this low efficiency of the frog was given by Fenn: here we would 
emphasise again the astonishingly small proportion of the energy liberated by 
the frog’s muscle which can be transformed into external mechanical work. 

It is difficult, or impossible, to imagine any means of allowing the muscle 
to do work, more efficient than that employed in the present experiments. Apart 
from avoiding or diminishing the effects of the internal “ viscosity ” of the 
muscle, theory cannot suggest any way of further improving tho method of 
work-collection. Yet, taking the initial process alone, only 26 per oent. of 
the energy of the glycogen-lactic acid reaction can be turned into external 
mechanical work, while taking the whole cyole, initial and recovery, only about 
13 per cent, of the total energy of oxidation can, as a wiRTiomm, be so trans¬ 
formed. In man we have strong evidence of a 26 per oent. efficiency over the 
whole process. There are many likenesses between the muscles of man and 
frog; it may be consoling, however, to the former to know that his efficiency 
can attain values twice as high as that of the latter. * The divergence is really 
larger than it seems; for human muscles, owing to their attachments in the 
body, and to other factors, never work under such ideal conditions as those 
provided by the Levin-Wyman ergometer. It would be interesting to apply 
methods similar to those used in the present investigation to the muscles of 
other cold-blooded animals, to find whether these also have so low an efficiency. 
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The efficiency of human muscular movement, ae was shown by one of us (2) 
and by Lupton (3), is determined by a balance between two factors, (i) the 
viscosity of the muscle, tending to diminish W (the work done) below its 
theoretical maximum Wq, by an amount proportional to the speed of shortening, 
and (ii) the energy required to maintain the contraction long enough to allow 
a sufficient amount of work to be done. 

In previous papers the expression adopted for factor (i) was W = W 0 (1—kjt), 
where k represents the viscosity and t the duration of the stimulus: while for 
factor (ii) the initial energy H for a contraction W 0 was taken to be 

H = aW 0 (1+fe), 


where a is a quantity representing the energy required to setup* contraction of 
unit strength, and b is a quantity Buch that energy ab is liberated, per second 
of stimulus, in maintaining it. The efficiency is then 

w 1 .-k/t 

«(! + &)* 

There is an error in this statement of the case, arising from the fact that the 
duration of the contraction, which determines the maximum work, is greater 
than the duration of the stimulus; obviously t = 0 for a single shock, but 
considerable work can be done owing to the fact that a contraction of finite 
duration (say c seconds) ensues. 

In previous discussions of the problem this fact was neglected; the times 
involved were sufficiently long to ensure that no serious error resulted. In the 
present case, however, the error would be serious, and instead of t in the 
expression W = W 0 (l — kjt) we must write (e -f c). so that 

W = W 0 (1 —*/(« + c)), (I) 

where c is a time representing the duration of the contraction in excess of the 
duration of the stimulus. The second factor is unaffected by this consideration, 
in fig. 4 of our paper (7) H/Tl was shown to be approximately a linear function 
of the duration of the stimulus. It is correct, therefore, to write 


The efficiency then is 


H = aW 0 (l+&). 


1 — */(f + c ) 

(l+«) ’ 


(II) 

(HD 


Now it can be shown by differentiation with respect to t that the expression 
(III) for E has a maximum at a value ( = t 0 given by 

t 0 = k (l-c/k+ Vl-cllc + l/bk) 


(IV) 
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and that this maximum value is 


EL.. 


(V) 


abkll+y/l-c/k + l/bk? 

Now from (IV), if 0 O = (t 0 + c) be the duration of the contraction giving the 
highest efficiency, 


0 O = it (1 + Vl - ejk + 1 Jbk). (VI) 

From this the simplest expression for the maximum efficiency can be derived, 

EW = kjab 6 0 *. (VII) 


But we found in Table IV above, for the case of frog’s muscle, that the 
’efficiency with very short stimuli is the same as with slightly greater ones. 
Hence the optimum value of t, t = t Q , is zero, or approximately zero: the 
highest efficiency is attained with very short stimuli. Thus the maximum 
efficiency is given by the expression, substituting t = 0 in (III), 

Emu. = (1 - k!c)/a. 


In frog’s muscle a is approximately unity, as was shown by one of us (15). 
Putting E _ = 0*26, as found in Table IV, we finally obtain 

1-*/<> = 0-26 Jfc/ C = 0-74. 


Thus the maximum efficiency, in a frog’s muscle, is determined by’the 
ratio of the viscosity to the time occupied in a single twitch. The maximum 
efficiency of the frog occurs for very short contractions, which is natural, 
since the frog is built for rapid jumps and not for weight-lifting. Moreover, 
we know that, when the temperature is raised, the viscosity diminishes in like 
measure as the time occupied in a twitch. Thus k/c remains constant, and the 
maximum efficiency is independent of the temperature. 

Now it is not inevitable that the efficiency should be greatest for short times 
of contraction. In man, very rapid movements are far from being the most 
efficient: the greatest efficiency is attained, as Lupton (4) and others have 
shown, with comparatively slow movements. In fig. 1 of Lupton’s paper, 
which deals with the case of stair-climbing, the most efficient duration of a 
single movement of the leg is shown to be about 1*3 seconds. Inserting this 
value in equation (VII) we find 

Ew = ;t/1*69 ab. 

Now k is known, from Lupton’s experiments on human arm muscles (3) 
carrying out a maximal degree of shortening, to be 0*26. For movements 
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involving less than the maximal amplitude of shortening, the value of k (which 
represents the minimum time of an unloaded movement) would be smaller. 
Let us assume, for the process of climbing a stair, that k = 0*20. There 
is no means of ascertaining o and b directly for the case of man. The total 
energy, however, in the whole process (including recovery) can be measured 
by respiratory methods, and Lupton ((4), p. 345) determined the energy used 
per second in maintaining a maximal pull of the arm muscles. His subject 
W.B., in maintaining a pull capable of theoretical maximum work W 0 = 10*96 
kilogram-metres, used 5*32 kilogram-metres of energy per second; in the 
symbols employed here, regarding them now as applying to the whole cycle 
of exercise and recovery, W 0 = 10*96, W ^pb — 5 ■ 32 ; hence db = 0*485. 

Similarly, his subject A.S.C. gave a value ab = 6*87/12*4 = 0*475, and his 
subject H.L., ab = 3*18/6*38 = 0*500. The mean of these three concordant 
values of ab is 0 • 487. Substituting for k and ab in the last expression for E L.. . 
above, we find 

Egu, = 0*24. 

This refers to the efficiency of the whole cycle of muscular contraction, 
initial process and recovery: and corresponds to an efficiency in the initial 
process alone of about 50 per cent, (using the ratio 2*07 of total to initial heat 
found for frog’B muscle). This calculation, as indeed Lupton showed, agrees 
well with the actual observed maximum efficiency of man. The anaerobio 
efficiency comes out at twice the value found above for the frog’s muscle. 

We are now in a position to understand why human muscles can attain so 
much higher a maximum efficiency than those of the frog. The expenditure 
of energy per second in maintaining a contraction in a frog’s muscle is relatively 
so great (see Hartree and Hill (7), p. 147) that, for efficiency, he is of necessity 
reduced to contractions of very short duration. In these the rate of shorten¬ 
ing must be rapid, or relaxation will set in before the work is done. At high 
speeds of shortening, however, the viscosity of the muscle reduces the work 
to a comparatively small fraction of its theoretical maximum. Thus the 
efficiency of the muscles of the frog is inevitably low. In man, on the other 
hand, the expenditure of energy per second in maintaining a contraction is 
relatively small, so that more prolonged contractions are allowable. Hence 
the rate of shortening can be lower, sufficiently low at any rate to reduce the 
effect of viscosity to comparatively small dimensions. Thus man m able to 
attain an efficiency about twice as high as the maximum efficiency of the frog. 
The essential difference, therefore, between the two types of muscles lies in the 
rate at which energy must be expended to maintain a contraction. Whether this 
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difference be intrinsic in the muscles, or be a consequence of voluntary 
innervation as compared with direct electrioal excitation, only future 
investigation can Bhow. 

The above disoussion is not striotly accurate. We have neglected such 
factors as the Fenn effect (the change of total energy when work is performed) 
and the fact that the influence of visoosity in the isolated musole, as Levin and 
Wyman (1) showed, does not strictly follow the simple equation (1) above. 
Such factors, however, are of secondary importance, and their introduction at 
this stage would merely complicate the issue: essentially they are of the 
nature of comparatively small corrections to the main result. The chief 
factors determining the efficiency seem clear, and the next step should be to 
study them quantitatively in different types of animal and muscle. 

Summary . 

1. The ratio -— , ——— (the “ efficiency ”) has been oxamined 

total energy liberated 

experimentally under various conditions in the sartorius muscle of the frog. 
The work has been measured as the area of a tension-length curve, recorded 
at any desired speed by the ergometer described by Levin and Wyman. 

2. In frog’s muscle a high efficiency requires a contraction of short dura¬ 
tion, owing to the great expenditure of energy involved in maintaining a 
contraction. 

3. In contractions of short duration the work done varies with the speed of 
shortening, and a maximum occurs which is determined by a balance between 
muscular “ viscosity ” on the one hand and onset of relaxation on the other. 

4. The maximum work done in a contraction of short duration varies with 
the duration in a manner similar to the total energy liberated. 

5. By allowing a short interval to elapse between the commencement of 
the stimulus and the moment of release, a slight increase in work is secured. 

6. The maximum efficiency of the frog's sartorius is independent of the 
temperature, and—within a narrow range of times—of the duration of the 
stimulus. The mean value found is 26 per cent., and the average deviation of 
56 observations on 21 muscles from this moan is only 2 per cent. This refers 
to the initial process only: taking account of the recovery process the marimnm 
efficiency would be only 12$ per cent. 

7. This low value in the frog, as compared with man, is due to the fact that 
the maintenance of a contraction in frog’s muscle is so extremely expensive 
that the highest efficiency is attained with contractions of very short duration. 
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Hence, to avoid the onset of relaxation, shortening most be rapid, and 
“ viscosity ” plays a large part in reducing the mechanical work performed. 

8. In man, on the other hand, the maintenance of a contraction is relatively 
inexpensive, and the highest efficiency is attained with contractions of com¬ 
paratively long duration. Hence shortening need not be rapid, and “ vis¬ 
cosity ” has a much smaller effect in reducing the mechanical work. 

9. The mathematical equations defining the variation of efficiency with 
speed are re-stated, taking account of the fact that the duration of a con¬ 
traction is somewhat greater than the duration of the corresponding stimulus. 
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[Plat as 0 and 6.] 

The presence of peculiarly localised lesions in hamsters infected with 
Lmhmania infantum was first observed by one of us (E. H.) in two animals 
kindly sent by Dr. Marshall Hertig. These had been inoculated at Peking on 
May 25,1926, with a strain of L. infantum originally obtained in culture from 
Dr. Nicolle, and known as the “ Infantum tunis K.A.” strain. Before being 
sent from Peking, both hamsters were examined by liver puncture and found 
to be infected. On arrival at Tsinan, on July 17, the peripheral blood of both 
animals contained numerous parasites. 

On August 25, approximately fifteen weeks after inoculation, one of these 
animals was killed, as it had the appearanoe of suffering from an intercurrent 
infection. The regions of the distal joints of all four limbs were enormously 
swollen. The testes, and also the base of the tail, were swollen and suppurating, 
and one of the testes contained an abscess whioh was discharging through the 
scrotum. Examination of the pus from the tail showed the presence of very 
large numbers of Leishmania. In addition, the margins of the ears and also 
the nose of this animal showed thickening and ulceration. All other organs 
of the body were normal, both in size and general appearance, and it is of 
interest that there was no enlargement of the spleen, which is such a charac¬ 
teristic feature in animals infected with typical strains of Leishmania donovani. 

On microscopic examination, enormous numbers of Leishmania were found 
in all the ulcerated regions, and especially in the neighbourhood of the joints 
and in the testes. The blood and also the liver, spleen, kidney, and bone- 
marrow from the femur, were negative to ordinary examination, but cultures 
of the spleen and liver were both positive. These results seemed to indicate 
that the parasites were being eliminated from the visceral organs and blood, 
for previous examinations had shown that the liver as well as the blood were 
heavily infected. This view was borne out by the results of subinoculation 
into other hamsters. 
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Three giant hamsters, Crioetulus triton, each inoculated with a large dose of 
liver, spleen and kidney emulsion from this animal, remained uninfected. 
Four small hamsters, C. griseus, were similarly inoculated, and of these only 
one became infected, and this individual merely showed a very slight infection, 
which was oonfined to the testes. Ten other hamsters were subinooulated 
from the testes of this latter animal, and only one of these showed any subse¬ 
quent infection, which involved the tarsal joints of both hind legs. These 
were heavily parasitised, and, in addition, the testes of this animal also contained 
a few parasites. 

The second infected hamster received from Peking showed pathologioal 
appearances very similar to those of the first, the joints and tail being enor¬ 
mously swollen; the animal died five months after being inoculated. During 
life the peripheral blood frequently swarmed with parasites, and another 
hamster was infected by the inoculation of a few drops of blood taken from 
the tail. The post-mortem examination of the liver, spleen, kidney and femoral 
bone-marrow was negative to microscopical examination, and, in addition, the 
parasites had disappeared from the peripheral blood. 

The swollen joints, however, and the testes contained very numerous 
parasites, and when these were subinoculated into two other hamsters, both 
acquired heavy infections, involving the joints in the manner described above. 
In one of these animals, a female, the peripheral blood was constantly negative; 
when it was killed nine months after inoculation parasites were found only in 
the enlarged joints and in the inguinal lymphatic glands. The liver, spleen, 
kidney and bone-marrow from the femur were all negative. The other animal, 
a male, after an incubation period of about three months, showed parasites in 
the peripheral blood, which rapidly increased in number. When killed, four 
months after inoculation, this animal, in contrast to those already described, 
showed a few parasites in the smears of both the liver and spleen, but as the 
blood was positive they may have been derived from the circulation. The 
joints, testes and lymphatic glands, on the other hand, all contained large 
numbers of parasites. 

Many further passages were made with this strain in both Crioetulus griseus 
and C. tnton, and the results of the experiments suggest that the general course 
of infection with this strain of Leishmania infantum is as follows:— 

When animals are inoculated intraperitoneally, the parasites may be found 
within twelve days in the lymphatic glands. Subsequently, they invade the 
liver, spleen and other organs, giving rise to a generalised infection, while 
frequently they appear in the blood stream. Later, the" organisms gradually 
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disappear from the viscera and become localised in the tissues surrounding one 
or more of the distal joints of the legs, and in the tail. The testes are also 
parasitised and occasionally show atwcess formation; the ears and nose of 
a certain number of animals also show thickening followed by ulceration. The 
parasites are present in all these lesions, usually in very large numbers, and 
either absent or very difficult to find in other situations. In only one individual 
out of 43 inoculated was any enlargement of the spleen observed, and this 
animal showed a heavy infection of both liver and spleen six months after 
inoculation. When animals were inoculated intra-testioularly, the course of 
the resulting infection was similar to the above. 

Three dogs inoculated with this strain, one with culture forms and the 
other two with emulsions of the organs of infected hamsters, showed no signs of 
infection after prolonged periods of observation, and their organs were negative 
on post-mortem examination. 

The course of the infection in hamsters inoculated with the Chinese strain of 
Leishmania differs markedly from that just described. The liver, spleen 
and bone-marrow all become infected, and as the disease progresses these 
organs show increasing numbers of parasites. No obvious peripheral lesions 
such as tumefaction of the joints, or abscess formation, were ever observed in 
animals infected with this strain, and the extent to which other organs were 
involved seemed to depend on the duration of the disease. The differences in 
the course of the disease, and the lesions produced, indicate that the Chinese 
and Tunisian strains of Leishmania may be sufficiently distinct to be regarded 
as different varieties, if not species. 

Histopathology. 

The occurrence of these lesions in hamsters infected with this same strain of 
Leishmania was briefly recorded by Young and Hertig (1927), and as the 
peculiar localisation of the parasites in hamsters seems to be a characteristic 
feature of this infection, it seemed of interest to study the pathological changes 
taking place in the testes, and especially in the joints. The material was fixed 
in Bouin’s picro-formol and stained with hcematoxylin, or luemalum, and eosin, 
, or with Oiemsa. 

The Testis .—Testicular enlargement in animals infected with Leishmania 
was described by Laveran (1917) in the case of mice inoculated with L. tropica, 
which also showed the same periarthritic lesions. Hamsters infected with a 
strain of L. tropica obtained by Dr. C. W. Young in Irak never showed any of 
these lesions, although in rare instances the organisms were recovered from the 
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testes. On the other hand, when these animals were inoculated with the 
Tonis strain of Leishmania infantum, the testes always showed a distinct 
enlargement, and in later stages abscess formation was sometimes observed 
followed by discharge through the scrotum. 

Microscopic Examination .—Meleney (1025) briefly records the presence of 
parasites in small numbers in the connective tissues of the testis, epididymis, 
and seminal vesicles of hamsters infected with the Chinese strain of L. donovani. 
In addition, human cases were examined. In both hosts the parasites were 
found only in clasmatooytes situated in the loose, interstitial tissues. Shortt 
(1923) also described parasites in the interstitial “ Cells of Leydig ” of monkeys 
infected with the Indian strain of Tjeishmania. 

Sections were taken both transversely and through tho long axis of the 
testis and epididymis of a typical case of enlargement of these organs in a 
hamster infected with L. infantum. Examination under the low power showed 
a very great proliferation of the cells in the inter-tubular tissues (fig. 1, Plate 5), 
which is in marked contrast to that commonly seen in hamsters infected with 
L. donovani (fig. 4, Plate 5). It should be noted that the duration of the 
infection does not account for this difference, as in the two cases illustrated the 
former had been inoculated about twelve months previously, whilst the latter 
had been infected for iifteen months. 

The interstitial cells were composed of large mononuclears (polyhedral 
cells), the cytoplasm of which was intensely cosinophile, numerous small 
connective-tissue cells, and a few plasma cellB. No parasitised clasmatooytes 
were seen in this region, although there can be little doubt of their presence 
at earlier stages of the disease. There was no evidence of any decrease in 
spermatogenesis, for in certain areas were large masses of folly developed 
spermatozoa, completely filling the seminiferous tubules, and also active 
developmental stages. 

In certain areas the lumina of the tubules were obliterated and filled with 
numerous polymorphoauolear cells, obviously the result of some secondary 
inflammatory oondition. The sperm mother-cells of the outer zone of these 
inflamed tubules sometimes contained numerous Tjeishmania bodies (figs. 2 and 
3, Plate 5). Many tubules showed no inflammatory condition, but often the 
cytoplasm of the sperm mother-cells contained clumps of parasites and some 
of these infected cells occurred free in the lumen. As far as we are aware, 
this is the first record of these parasites occurring in the sperm mother-cells 
of the testis. • 

No marked changes were observed in the interstitial cells of the epididymis, 
vol. cm.—B. u 
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Mid bo parasites were found either in the intertubular spaces, or in the lining 
cell* of the tubules. 

Periartkritie Lesions. 

Most animals ultimately showed enlargement ot the regions surrounding 
the carpal and tarsal joints. Sections through the foot, including the tarsals, 
metatarsals and the distal ends of the tibia and fibula, showed that the swelling 
of the joint was mainly caused by a very great proliferation of oeUe immediately 
around the ankle joint. These cells were mainly parasitised olasmatocytes 
which had invaded the cutis vera and extended down to the periosteum of the 
bones and the ligaments in the neighbourhood of the joint (fig. 5, M, Plate 6). 
On the anterior aspect of the articulation of the tibia and fibula with the tarsals, 
there was a marked proliferation of macrophage tissue in the cults vera, which, 
by pressure, bad raised the epidermis. This multiplication of cells tapered off on 
each side of the joint. Posteriorly, there were masses of heavily parasitised 
cells, also originating in the cults vera, and in this region extensive hemorrhages 
were observed (see fig. 7, Plate 6). The cavity of the joint did not seem 
to be invaded with parasites, but enlarged fringes of thickened synovial mem¬ 
brane projected into the cavity. The tissue between the muscles and ligaments 
of the tarsals and metatarsals contained masses of parasitised clasmatooytes. 
We have never observed any parasites m the tissues surrounding the bones 
of the toes. The bone-marrow of the lower ends of the tibia and fibula was 
almost entirely replaced by parasitised olasmatocytes (fig. 8, C, Plate 6). 

It is cunous that these parasitised cells do not seem to extend proximally 
for any distance up the bone-marrow, and except at the early stages of the 
disease, during which the infection is more generalised, we have very rarely 
observed any parasites m the bone-marrow of the femur. On the other hand, 
the bone-marrow of the tarsals and metatarsals contained large numbers of 
parasites, but none were observed in the phalanges. 

The main interest of the observations with this strain lies in the fact that, 
after first producing a general visceral infection, the parasites become localised 
in these regions of the body. The subcutaneous tissues of the body of infected 
hamsters, including the abdomen and back, were examined, but parasites were 
never observed except m the penarthritic regions, or unless obvious lesions were 
present, such as on the margins of the ears. This is in marked contrast with 
hamsters infected with the Chinese strain of Leishmania donovant, in which a 
widespread occurrence of parasites in the subcutaneous tissues of the whole body 
is a common feature in late stages of the infection. 
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DESCRIPTION OF PLATES 
Plats 6 

Fw 1 (X 160) Longitudinal section through testis of hamster infected with L eukman ta 
tnfwUvm The tubule on the top of the photograph shows obliteration of the lumen 
by a mass of polymorphonuclear oells Note the very great proliferation of cells 
in tiie intertubular regions 

fto 2 (x 800) More highly magnified photograph of the left margin of upper tubule 
outlined m fig 1, showing ms sues of Letshmanta in the cytoplasm of the sperm 
mother oells 

lw 3 (x 460) Section through a seminal tubule of the same hamster, with no secondary 
infection of the lumen, but showing invasion of the sperm mother oells by Ltuhmanta 

Fig 4 (x 800) Section of the testis of a hamster infected with Letshmama donovam for 
16 months, for oompanson with fig 1 In this case there is no inornate m the number 

of intertubular connective tissue oells, although occasionally parasitised cells were 
observed 

Plats 6 

Fro 6 (x 20) Longitudinal section of the ankle of a hamster infected with L infantum, 
on the n^ht showing a suboutaneous mass of infected tissue M, extending down to the 
ligaments and periosteum 

Fig 9 (x 800) More highly magnified photograph of area outlined in fig 6 showing 
the parasites m the olasmatocytes forming the mass of mfeoted subcutaneous tissue 

F» 7 (X 800) Another portion of the seotion showing a hssmorrhage In the subcutaneous 
tissue, surrounded by parasitised oells 

Fro 8 (X 600) Section through the lower end of the fibula of the same hamster, showing 
tho replacement of the bone marrow by parasitised clasmatooytes C 
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I. Introduction. 

The present paper consists of a series of records of the growth of the oocyte* 
and follicle in the ovary of the adult mouse. Wherever it has been possible, these* 
records have been put in mathematical form. The results show clearly, amongst 
other things, that the major part of the growth of the Graafian follicle takea 
place after the contained oocyte has attained its maximum size. This fact is 
of considerable interest in connection with the evolution of the mammalian 
follicle and its physiological role. 

The author would like to take this opportunity of expressing his thanks to* 
“ Student ” for advice and criticism of the statistical treatment of the results, 
und to Prof. J. P. Hill, F.R.S., and Dr. A. S. Parkes for the interest they have 
taken in the work. 

The histological expenses were defrayed by a grant from the Government- 
Grants Committee of the Royal Society, for which the author's thanks are due.. 
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II. Dbscription. 

1. The Growth of the Oocyte. 

The smallest oocytes found in the adult mouse ovary are situated just beneath 
the germinal epithelium and are surrounded by a few flattened follicle cells. 
The oocytes only measure 13 \i in diameter, approximately. They are approxi¬ 
mately the same size as the average of the primordial germ-cells found in and 
near the germinal ridge of the 10-days post-coiturn embryo, which measure from 
10*5 to 16*5 (A in diameter. The smallest oocyteB in the adult ovary, enclosed 
in primordial follicles, are always situated just beneath the germinal epithelium, 
with at most three or four cells between. Their nuclei however, never exhibit 
any contraction figures and are always in the dictyate condition. 

Oocytes at all stages of growth between these small oocytes and the full- 
grown oocytes, measuring approximately 70 fi in diameter, can be found m 
one ovary. It is impossible to ascribe a definite time limit to thiB growth 
stage, but it is probably fairly gradual. Once the oocyte has attained its 
maximum size it appears to remain, without growing more, until ovulation is 
almost due. 

The nucleus increases in size with the growth of the oocyte. The diameters 
of a large number of oocytes and their nuclei were measured and the results 
treated statistically. The measurements were made from camera-lucida 
drawings at known magnifications. The diameter of the outbne of each oocyte 
and its nucleus was measured in two directions, at right angles to each other, 
and the average of each pair of measurements was taken to be the true diameter. 
The results are shown in the form of a correlation table (Table I). 


Table I. 


32 A /i 

30 0 

27 5 

zj 25 0 

§ 22-5 
a 

o 20 0 

I 17 ’° 

1 150 

Hi 

12-5 
10 0 
7 5 



10 15 20 25 30 35 40 45 50 55 60 05 70 75 80 p 


TMameter of oocyte. 



260 


F. W. R BrmmbeU. 


The distribution of these data is not normal for two reasons : (1) The number 
of oocytes of a given size present in any ovary decreases as the size increases 
owing to degeneration taking place at all Btages; and (2) oocytes of suitable 
sizes were selected for convenience. From these considerations it is obvious 
that the coefficient of correlation will have no meaning apart from the data 
from which it has been derived. Since, however, the data were only selected 
in one direction— e.g., size of oocyte—-the regression formula will supply a true 
value for the relation between the size of the nucleus and the size of the oocyte. 
The regression function, calculated from these data, is Y = 6-577 + 0*297 as, 
where x is the given diameter of the oocyte and Y is the mean value of the 
diameters of the nuclei for each value of x. Entering the table of t (Fisher (5)) 
with l =- 60-69, and » = 152, P is obviously much beyond 0-01 and therefore 
the regression is decidedly significant; the growth of the nucleus and that of 
the oocyte undoubtedly proceeding simultaneously. This regression function 
is linear and is represented graphically in fig. 1, where the mean value of each 
array is also shown as an X. 



2. The Growth of the Oocyte in Relation to the Growth of the Follicle. 

The diameters of a large number of follicles and their oocytes were measured. 
The method was the same as in the case of the oocytes and their nuclei. The 
results are shown in the form of a correlation table (Table II). These were 
treated as a regression, for the same reasons as in the previous section, of size 
of oocyte on size of follicle. The distribution seemed to justify dividing the 





Table II. 
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correlation table into tvo parts, one covering the range of follicle diameters 
from 0 to 160 p and the other from 160 to 660 p. The regression function 
for the first part, which is linear, is Y = 6*796 + 0*602 x, where x is the given 
diameter of the follicle and Y is the mean diameter of the oocytes for each 
value of x. Entering the table of ((Fisher (B)) with t = 37*4, and n = 66, 
F is obviously much beyond 0*01 and therefore the regression is decidedly 
significant. The regression function for the Becond part, which ib also linear, 
is Y — 69*64 — 0*0025 x. Entering the table of t (Fisher (5)) with t = 1 *077, 
and n = 261, F is approximately 0*3 and therefore the regression is not 
significant (i.e., there is no significant alteration in size of the oocyte during 
the growth period of the follicle covered by the regression line). These regres¬ 
sion functions are represented graphically in fig. 2, where the mean value of 



Fio. 2. 


each array is also shown as an x. The two regression lines intersect at approxi¬ 
mately 125 p (diameter of follicle). These results show that the increase in 
the Bize of the oocyte bears a direct and significant relation to the size of 
follicle until it attains a size of approximately 70 p in diameter, when the 
follicle is 126 p in diameter. Subsequently, there is no significant growth of 
the oocyte, and the growth of the follicle may be said to be independent of it 
and can be represented by a horizontal line in the graph. 
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3. The Maturation of the Oocytes. 

The full-grown oocyte of the mouso with the nucleus in the resting dictyate 
stage, fixed in Bouin’s fluid, measures 70-96 p ± 0-26 p in diameter. A 
reduction in size appears to occur during maturation. Ten oocytes, exhibiting 
the first polar spindle, from the ovaries of one mouse measured 66-9 p in 
diameter, the largest being 71 p in diameter and the smallest 63*5 p. Three 
ova, from the Fallopian tubes of two mice, which in each case contained c? and 
? pronuclei unfused, and in which the second polar body had been extruded, 
measured 55-5, 66-0 and 57-3 p in diameter respectively. These three ova 
had, however, been fixed in Carnoy’s fluid, and the difference in fixation might 
account m part for the difference in size. In any case the numbers observed 
are too small to supply a significant statistical difference, although they 
suggest that a reduction takes place during the first maturation division and a 
further reduction during the second maturation division. The cytological 
changes in the ovum of the mouse during maturation and fertilisation have 
been described by Nobottp (11). 

4. The Growth of the Follicle. 

The smallest oocytes, situated just beneath the germinal epithelium in the 
adult ovary, are only surrounded by a few flattened epithelial cells—the 
primordium of the membrana granulosa. These primordial follicles only 
measure about 17-5 p in diameter. Slightly larger oocytes, about 14 p in 
diameter, are surrounded by a single layer of more or less cubical epithelial 
cells, and are situated in or immediately beneath the tunica albuginea. These 
follicles measure about 28 p iu diameter. The development of the various 
structures of the follicle is shown in tabular form in Table III (p. 264). 

The follicles with a single layer of epithelium reach their maximum size at 
about 36 to 40 p in diameter, with the contained oocytes 22 to 24 p in diameter. 
By the time the oocyte has attained a size of about 30 p and the entire 
follicle about 50 p, the epithelium shows distinct signs of becoming double¬ 
layered. The double-layered condition is fully established in follicles of 95 to 
100 p in diameter with oocytes 55 to 60 p. The follicular epithelium may now 
be considered to form a membrana granulosa. The growth of the follicle 
proceeds rapidly and changes from two to three cells thick by the time the 
oocyte has completed its growth and has attained a size of, on an average, 
70 p in diameter. These follicles measure about 125 p in diameter. 
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Table III. 
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Up to this time the growth of the follicle and of its oocyte have been corre¬ 
lated. The subsequent growth of the follicle, however, is entirely independent 
of the oocyte, which has reached its maximum size, and is due in part to the 
growth of the membrana granulosa and the development of the theca interna, 
but chiefly to the formation and increase in size of the antrum. 

The epithelial cells of the membrana granulosa grow rapidly by mitoses at 
all stages of follicular development. They exhibit mitoses even in the small 
follicles, where they constitute a single-layered epithelium. In follicles 
in which the membrana granulosa is passing from the double- to the 
triple-layered condition many mitoses are present. They occur frequently 
in all stages until maturation is approaching. Mitoses then become Icbs 
frequent, except in the region of the discus proligerus, where mitotic figures 
are abundant, and, Anally, in follicles containing mature oocytes in process of 
polar-body formation, practically none can be observed. 

The bodies of Call and Exner, so common in the membrana granulosa of 
the follicles of man, cat, rabbit, etc., do not occur at all in the mouse, nor is 
any comparable stellate arrangement of the cells eve* observable. 

The theca interna does not exist as a separate layer, in small follicles, which 
are surrounded by a coat of undifferentiated connective-tissue fibroblasts. 
Elements that would ultimately form the theca interna can first be distinguished 
in this primitive theca of follicles approaching 100 p in diameter. The cells 
are larger and more glandular in appearance than the surrounding fibroblasts, 
among which they are scattered. The theca interna cells and a few fibroblasts 
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form a definite, if somewhat irregular, layer within the more fibrous theca 
externa, in follicles 200 p in diameter. 

At this stage the theca interna measures about 20 to 25 p in thickness. It 
is rather irregular, but iB, on the whole, as well developed on the side next the 
periphery of the ovary as on that away from it. At all stages it has numerous 
undifferentiated connective-tissue elements, os well as blood capillaries and 
lymph channels, scattered between the largo, apparently glandular cells. It 
increases in thickness as follicular development progresses, exoept on the 
peripheral surface of the follicle. In the latter region it becomes thinned out as 
maturation is completed. In the foil icle ready to ovulate it attains a maximum 
thickness of 30 to 40 p on the side away from the periphery, but is very thin 
on the peripheral surface, where the. memhrana granulosa is only covered by a 
thin layer of fibroblasts, one or two cells thifck, derived from the theca and 
tunica albuginea, and by the germinal epithelium. This peripheral thinning 
of the coat of the follicle allows of rupture being effected more easily. The 
large flattened glandular cells of the theca interna exhibit many mitoses in 
the smaller follicles, but very few are present in the later stages of maturation. 

The membrana propria is not well developed m the mouse, and consists of 
a light, fibrous network, between the membrana granulosa and the theca 
interna. 

The theca externa exhibits mitoses at all stages of follicular growth. It is 
thinner and more compact in the larger follicles, probably owing to stretching 
and compression exerted from within by the growth of the follicle. 

The autrum first appears as an irregular fluid-filled cleft in the middle of the 
membrana granulosa on one side of the oocyte, in follicles about 200 p in dia¬ 
meter. This cleft enlarges as the follicle grows and comes to form a half-moon 
shaped cavity in the membrana granulosa with its concavity directed towards 
the oocyte. As maturation proceeds the antrum increases in proportion and 
becomes more or less the same shape as the follicle, with the discus proligerus 
and its contained oocyte projecting into it. The membrana granulosa en¬ 
closing the antrum, except on the side of the discus proligerus, is more or less 
uniform in thickness, varying from about 55 to 65 p, at all stages of growth. 
The diameter of the antrum at right angles to the axis passing through the 
ooyctes and the centre of the follicle can therefore be said to be roughly the 
diameter of the follicle less 120 p. This approximation obviously is more 
accurate for larger follicles, where the discus proligerus on account of its 
relatively smaller rise does not seriously complicate the estimate. 
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6. The Growth of the Follicle in Relation to CEstrus. 

It ifl well known that the growth of the follicle is extremely rapid at the end, 
and that the main increase in its size takes place during a short period ending 
in ovulation. It has been shown elsewhere, in collaboration with Dr. Parkes (3), 
that the follicles, which will ovulate at the following oeBtrous period, in $he 
ovary of an unmated mouse are on an average only 380 p in diameter at the 
beginning of the cestrous cycle. The follicles reach a maximum size of, on an 
average, 560 p in diameter immediately before rupturing. Further, the 
follicles undergo comparatively little growth until 48 hours before the onset 
of the cestrous cornification, marking the period at which ovulation will take 
place The growth, therefore, is increasingly rapid as oestrus approaches, 
and the follicles increase 45 per cent, in diameter in the last 48 hours. 

A definite group of large follicles which will ovulate at the ensuing cestrous 
period can generally be distinguished in the ovaries of an unmated mouse. 
This group is, however, not very clearly defined, and sometimes the maturing 
follicles cannot be distinguished with certainty from those destined to ovulate 
at subsequent (Bstrous periods, if the ovaries were taken from an animal killed 
at the beginning of a cycle. 

It was thought that several such groups of follicles, destined to mature at 
subsequent cBStrous periods, might be present in the ovaries at one time. In 
consequence all the follicles measuring 75 p in diameter and over in one ovary 
were measured and counted. The size distribution of these was Buch as to 
afford no prospect of demonstrating by statistical methods a series of follicle- 
size groups in the ovaries of unmated mice. It may be assumed, as the con¬ 
trary cannot be demonstrated, that the follicles in the ovary of the unmated 
mouse are, as regards size, distributed at random, excepting those destined to 
rupture at the ensuing oestrus. 

C. The Maturation of the FoUide in Relation to (Eatrus. 

The follicles undergo various changes immediately before rupture. The 
ovaries removed from a mouse 6 to 26 hours before it came into oestrus (OVS 41) 
contained 12 large follicles, averaging 530 p in diameter, the largest being 576 p 
and the smallest 464 p in diameter. These follicles differed little, except in 
size, from smaller ones. The oocytes had dictyate nuclei. The discus pro- 
ligerus was still attached to the wall of the follicle, but in its neighbourhood 
the coagulated liquor folliculi, situated in the antrum and between the mem- 
brana granulosa cells, appeared more glairy and granular than elsewhere 
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in the follicles, or than in smaller follicles. This thick liquor is that termed 
the secondary liquor folliculi. The ovaries removed from a mouse killed during 
late pto-oestrus or early oestrus (CLC114) contained 11 large follicles, averaging 
660 (x in diameter, the largest being 626 p and the smallest 476 p in diameter. 
The oocytes in all these follicles exhibited the first polar spindle, with the 
chromosomes in the equatorial plane or beginning to draw apart to either pole 
of the spindle. In these follicles the discus proligerus, containing the oocyte, 
had become separated from the wall of the follicle and floated free in the 
liquor-filled antrum. The cells of the discus proligerus had become altered in 
character. They were arranged in a stellate manner around the oocyte and 
were drawn out in a radial direction forming a corona radiata. The secondary 
liquor folliculi was more abundant than in the previous example and was 
present between the cells of the discus. Coupled with these ohanges the thin¬ 
ning of the follicle wall at the periphery, described above, indicated that the 
follicles were about to rupture. 

The material from two mice exhibited ova in the Fallopian tubes. These 
ova had extruded the second polar body in each case and contained both male 
and female pronuclei approaching to each other. Ovulation in these had 
obviously occurred some hours previously, as the ova had reached the tubes 
and been fertilised. Both these animals had been killed on the morning on 
which the vaginal plug had been found. Mice usually copulate early in the 
night following the onset of oestrus. Further, oestrus usually commences in 
the evening. Consequently these animals cannot have been on oestrus more 
than 24 hours, and probably not so long. 

Further, the ovaries of several mice killed during the first 12 to 18 hours after 
the onset of oestrus were available. All these exhibited young corpora lutea 
in various stages of formation from newly ruptured follicles. Unfortunately 
the tubes containing the ova of these were not available. They serve, however, 
to confirm the previous observations. 

From these cases it is clear that ovulation in the mouse takes place during 
late pro-oestrus or very early oestrus. It probably occurs about the time when 
pro-GBstrus changes into oestrus, and usually not more than 6 hours either side 
of this time. Within these limits a certain amount of variation may be expeoted 
to occur in different individuals and in different follicles in any individual. 
The material, however, is not sufficient to afford any further estimate of this 
variation. The actual size of the follicles at the time of rupture probably 
varies considerably also, as the case described (CLC 114) seems to indicate. 
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7. The Number and Distribution of Mature Fottides in the 
Ovaries at OSstms. 

The average number of follicles which mature in the two ovaries at each 
OBstrous period can be estimated indirectly from the average size of litter born 
and the average pre-natal mortality. The litter size has been shown by 
Parkes (9) to be 6-34. It is obvious from these figures that at least seven 
oocytes are matured at each oestrus. 

The required figure can also be arrived at by counting the number of corpora 
lutca formed at each period, or, directly, by counting the number of maturing 
follicles in serial sections of the ovaries. The latter method is somewhat 
uncertain immediately after an oestrous period, as the maturing follicles are 
not sufficiently clearly defined by their sizes from the largest of the other 
follicles. The following table, however, contains the results from nine clear 
cases- 


Table IV 
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These give an average of 9*3, which corresponds to the estimate arrived at 
from the size of litters. The problem of whether the maturing follicles are 
distributed at random between the two ovaries or tend to be equally distributed 
between them is of interest, but difficult to demonstrate on account of the 
amount of material required. In three of the seven cases recorded, the 
distribution was unequal. The material is insufficient to show a significant 
difference from a random distribution. 

8. The Degeneration of Fottides. 

Many follicles of all sizes can be found degenerating in the ovaries of the 
mouse at any time after puberty and at all stages of the oestrous cycle. It is. 



Development and Morphology qf Gonads of Mouse. 269 

however, very difficult to estimate this owing to being nnable to tell for how 
long a degenerating follicle is distinguishable as such. In the case of the 
primordial follicles it is known (4) that they can completely disappear after 
treatment with X-rayB in 24 to 48 hours. The degeneration of larger follicles 
is, however, much slower. In one typical ovary examined 128 normal follicles 
over 100 p, in diameter were counted and at least 66 follicles in process of 
degeneration which had been probably all over 100 p in diameter before 
degeneration set in. It is, therefore, probable that a very large percentage of 
the follicles are eliminated at all stages up till the time of ovulation. This 
percentage appears to vary considerably in different individuals and to be 
much greater in poor conditioned and unhealthy than in sound animals. 

III. Discussion. 

The Oocytes. 

The ovary of the adult mouse has never l>cen observed to contain any oocytes 
exhibiting the prophase spireme and synaptic figures ((2) for previous literature). 
There can therefore be no doubt that oocytes do not pass through these stages 
in the adult mouse, as do those described in the Lemur by Gerard (6). This is 
held by many as definite proof that no neoformation of oocytes occurs in the 
adult mouse. Such a neoformation of oocytes from the cells of the germinal 
epithelium has been described by several authors, notably Allen (2), who admit 
that it takes place without going through the typical nuclear phases of synapsis. 
In the present paper no attempt has been made to solve this problem, owing 
to the inherent difficulties of estimating the number of small oooytes in each 
of a large series of ovaries with sufficient accuracy to obtain statistically sound 
results. In this connection it is significant, however, that in the ovarian tissue 
regenerated in the mouse after complete double ovariotomy (10) oocytes were 
present but never exhibited the prophase figures. 

Throughout the entire growth of the oocyte the nucleus is in the dictyato 
stage, and bears a constant relation to the size of the oell. The oocyte, after 
it has attained its maximum size, appears to be able to remain for an indefinite 
time before it enters on the maturation stages. The material described sup¬ 
ports the view that a slight decrease in the size of the oocyte takes place at the 
time of the formation of the first and second polar bodies. 

Ovulation in the mouse appears to take place during late pro-oestrus or 
early oestrus. This is earlier than Allen (1) considered to be the case, as he 
stated that it did not take place before the end of oestrus in the mouse, at the 
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same time ns Long and Evans (8) described it as occurring in the rat. The 
material described in this paper, however, admits of no other conclusion. 

The number of follicles maturing in the nine pairs of ovaries dealt with 
averaged 9-3. Parkes(9) has shown that the average size of litter for the 
oolony from which these are drawn is 6*34. It is therefore apparent that 
roughly two-thirds of the follicles which mature produce ova which survive 
till birth. This figure is slightly larger than that arrived at by Long and Evans 
(8) in the case of the rat, but is quite comparable. They found that the average 
number of corpora lutea produced in an animal at each oestrus was 10*8, 
while the average number of ova in the oviduct was 9*6. The average size of 
litter in their colony was 6*4. 


The Follicles. 

The results obtained on the relative growth of the, follicle and the contained 
oocyte show that a relation exists up till the time that the oocyte has attained 
its maximum size. This, however, takes place while the follicle is still com¬ 
paratively small (125 p in diameter approximately), and the subsequent growth 
of the follicle is not correlated with growth of the oocyte, which remains the 
same size. This conclusion, which has been quoted elsewhere (3), is of extreme 
importance in considering the morphological and physiological significance 
of the mammalian Graafian follicle. At the time when the oocyte has com¬ 
pleted its growth, and therefore requires lesB nutrition, the follicle has a 
membrana granulosa composed of only three layers of cells, no traces of an 
antrum containing liquor folliouli, and scarcely any differentiated theca 
interna cells. 

All the characteristics of the mammalian Graafian follicle are thus developed 
after the follicle has supplied the oocyte with the nutrition necessary for its 
growth. It may therefore be concluded that the mammalian Graafian follicle 
has been evolved for some purpose other than the nutrition of the oocyte. 
Three possible explanations occur: the Graafian follicle as such has been 
evolved [1] as an endocrine organ, [2] to prepare for the rapid formation of 
the corpus luteum, or [3] as a mechanical adaptation to effect ovulation and 
the transference of the ova to the tube. Regarding the first of these possi¬ 
bilities the work of Farkes and the author (3) has shown that the Graafian 
follicle is not essential for the production of the hormone cestrin, which causes 
oestrus, and is probably not concerned at all in its production. This fact 
leaves us without any definite endocrine function to ascribe to the follicle. 

The Monotreme follicle as shown by Hill and Gatenby (7) has no antrum, 
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but the egg is large and yolk-laden. The fluid-filled antrum is thus associated 
only with the microlecithal eggs of the higher mammals. It may be, there¬ 
fore, that it has been developed as a mechanical means of effecting follicular 
rupture by internal pressure in microlecithal forms, where the ovum itself 
would find difficulty in bursting through the follicle on account of itB small size. 
It is also possible, as has been suggested elsewhere (3), that the liquor folllculi 
is of assistance in washing the ovum into the tube. At the time of ovulation 
the ovarian capsule and the tube in the mouse are distended with fluid. The 
amount of liquor folliculi liberated would not be sufficient to account entirely 
for this distention, but would probably materially assist in producing it. 

Finally, the production of the large Graafian follicle may be a preparation 
for the formation of the corpus luteum. However, in the Monotremes, in 
which no antrum is formed, a corpus luteum is produced. In the latter case 
the ruptured follicle with its cavity is sufficiently large to develop speedily 
a large corpus luteum. This would scarcely be so in the higher mammals, 
unless the follicle grew beyond the size required to maintain the egg and 
attained the dimensions it does by the development of the large antrum. 

At present it seems impossible to decide which of these theories is the true 
one. It may be that several functions are performed by the distention of the 
Graafian follicle with liquor folliculi and by the celts of the theca interna. 
Whatever these functions may be, the nutrition of the oocyte would not seem 
to be one of them. 

IV. Summary. 

1. During the growth stage, the diameter of the nucleus bears a direct 
relation to the diameter of the oocyte. 

2. The diameter of the oocyte bears a direct relation to the diameter of the 
follicle during the growth of the former. The oocyte attains its maximum 
size of 70 p in diameter when the follicle is 125 p in diameter. 

3. The main growth of the follicle, and the formation of the theca interna 
and the antrum, take place after the oocyte has completed its growth. 

4. During the maturation divisions the oocyte is reduced in size. Fertilised 
ova only average 56 p, in diameter. 

5. The follicle grows rapidly, chiefly by enlargement of the liquor-filled 
antrum, during the two (lays immediately prior to the oestrous period and 
presumably in response to the production of oestrin. 

6. Ovulation takes place during late pro-oestrus or early oestrus. The average 
number of follicles maturing at each oestrous period in one animal is 9*3. 
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The Effect of Temperature on the Permeability of Protoplasmic 

Membrane. 

By B. Sen, Vivekananda Laboratory, Baghbaxar, Calcutta. 

(Communicated by Prof. A. V. Hill, F.R.S.—Received June 8,1928.) 

The effect of temperature on permeability of plant cells has been studied 
by numerous investigators. Stiles (8) gives a comprehensive summary of the 
existing work on the subject. The data regarding the effect of temperature 
on permeability to solutes are neither as numerous nor as conclusive as those 
for the intake and excretiou of water. Pfeifer (1886) and Collander (1921) 
have observed the intake of dyes (8). Rysselberg (1901) and Lcpeachkin 
(1906) have investigated the permeability of epidermal cells to glycerol car¬ 
bamide and potassium nitrate at different temperatures. To correlate the 
change of permeability with positive and negative thermotropism Eckerson 
(1914) observed the molecular concentration of sucrose, glucose and potassium 
nitrate solutions, needed to induce slight plasmolysis in root cells at different 
temperatures (1). Stiles and Jorgensen (9) have studied the effect of tempera¬ 
ture on absorption of hydrogen ion by storage tissues. 

In all the above investigations only the intake of solutes by cells, and that 
under environmental conditions unnatural to cells, has been studied. So far 
as I am aware, Blackman and Paine (3) are the only investigators who have 
studied the exosmosis of the normal cell electrolytes by measuring the change 
of conductivity of the water in which a pulvinus of Mxmota pudtea was placed. 
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In the following investigation an attempt has been made to study the effect 
of temperature on the permeability to electrolytes of a tissue by measuring 
its electric resistance at different temperatures, while kept otherwise under 
normal conditions. It is assumed (2) that the high electric resistance of a 
plant tissue is due to the semi-permeability of the cell-membrane and that the 
resistance decreases with increased permeability of the membrane, and vice 
versa. 

The variation of electric resistance of a plant tissue may be brought about 
by- 

fa) change of permeability of the plasma membrane to the enolosed ions, 

(6) change in the degree of dissociation of the electrolytes in the cell sap 
and the mobility of the ions, and 

(c) chemical changes leading to a variation in the concentration or altera¬ 
tion in the nature of the free ions. 

Apart from its direct effect on the velocity of migration of ions, variation of 
temperature may have an effect on (6) and (c). Therefore, to correlate the 
observed variation of electric resistance of a tissue with permeability, these 
factors should be considered. The effect under (c) is negligible, since the 
concentration of electrolytes within the plasma membrane is very high, as 
seen by the low resistance when the tissue is killed by chloroform or heat 1 . 
From the resistance of a killed tissue at different temperatures, the influence 
of temperature on the degree of dissociation of the electrolytes and the mobility 
of the ions can be determined, since the electrolytic system may be assumed 
to be the same before and after the membrane is made permeable. 

Experimental Arrangement*. 

The method used for measuring the electric resistance of a tissue is the 
same as described in detail in my previous paper (7). The tissue is joined 
in series with a high resistance galvanometer, used ballistically, whose deflec¬ 
tion gives the intensity of the current due to the potential difference between 
the two similar electrodes, immersed in the tissue, when connection is made 
through the tissue, the galvanometer, and the connecting wires and leads, 
whioh are of negligible resistance. For each observation the effective e.m.f. 
of the circuit, however caused, is determined by balancing it with an equal 
and opposite e.m.f. from a compound potentiometer. The current sensitivity 
of the galvanometer under the conditions of experiment is determined. From 
the deflection of the galvanometer and the readings of the oompound 

x 2 



274 


B. Sen. 


potentiometer the resistance of the tissue at different temperatures was 
calculated. 

For measuring the resistance of a plant tissue under varying temperature, 
certain precautions are necessary, particularly when the electrodes are thrust 
inside the tissue. Since the tissue must he kept in a moist chamber, if the 
electrodes are also in the chamber variation of temperature introduces an 
unknown change of contact resistance of the electrodes with the tissue. To over¬ 
come this, the main part of the organ is inserted in a thermal jacket with 
portions protruding at both ends, where electric contacts are made. These 
are kept at the room temperature, except for the conduction of heat from the 
tissue, which is negligible. This has the added advantage of enabling one to 
investigate the change of resistance at different temperatures after the tissue 
is killed by heat or chloroform. When the whole length of the tissue is killed 
a considerable amount of electrolyte escapes through the cut ends, but in this 
arrangement the living portions of the tissue outside the jacket prevent thiB 
and only a small portion escapes through the epidermis. The portion of the 
tissue between the electrodes, but not subjected to variation of temperature, 
was comparatively small; in case of stems and petioles 1 cm. out of 11 cm., 
and in Aloe leaf 2 cm. out of 14 cm. For greater accuracy in determination 
of resistance, variation correction proportional to the lengths can easily be 
made. 

The Thermal Jackets .—For experiments with stems and petioles a double- 
walled cylinder of thin copper, about 10 cm. long, is used, the diameter of the 
outer cylinder being 10 cm. and that of the inner, which iB open at both ends, 
3 cm. Tho variation of temperature inside the cylinder is caused by a flow 
of water at different temperatures, from thermally and electrically insulated 
reservoirs of hot and cold water, through the annular space of the jacket. The 
two reservoirs are connected to the inlet tube of the jacket by a Y-tubc. The 
stop-cocks of the reservoirs regulate alike the temperature of the water and its 
rate of flow through the annular space. By suitably adjusting the stop¬ 
cocks to make up for the loss or gain of heat by radiation and conduction, 
the temperature inside the cylinder can be maintained constant within 0*5° C. 
for nearly 2 hours. The jacket is thermally and electrically insulated by felt, 
cotton-wool, and asbestos rope, and is held horizontally by an insulated wooden 
stand. The inner cylinder iB lined with a thick layer of moist blotting paper. 
Two rubber stoppers which fit the inner cylinder have two holes each and are 
split a little beyond the centre; the middle holes are for the tissue and one for 
thermometer, and the other, which is kept plugged with a rubber cork, allows 
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the introduction of water for moistening the blotting paper. A shellacked 
glass rod which passes through the wooden clamp supports the electrodes. 

For experiments with leaf oi Aloe perfoliata, a much larger rectangular thermal 
jacket (figs. 1 and 2) with a thicker insulation is used, the jacket space being 



Fxo. 1.—Diagram view of thermal jacket: L, leaf of Aloe perfoliata ; e, electrode ; E, 
ebonite sheet; black dot, thermometer hole; /, funnel tor introducing liquid inside 
jacket space; B, beaker containing tap water; to, wet muslin. 

12 cm. long, with a cross-section 10 x 6 cm., and silvered inside. To hold 
liquids inside the jacket (water for humidity, and chloroform for killing the 
enclosed portion of the organ) the lower inner sheet is converted into a shallow 
trough by two ridges, 1 cm. high, along the entire breadth of the jacket. Any 
liquid can be introduced inside the jacket through the funnel end of a j-inch 
copper tube, which passes through the thermal insulation to one corner of 
the trough inside. On account of the shape of the Aloe leaf, ebonite sheets. 
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11x7 cm. and 1 cm. thick, instead of rubber, are used to hold the leaf in the 
middle of the jacket space and close its two ends. The inner sides of these 


£ 


c 


Fro. 2.—Section of jacket: D, doable-walled metal jacket; C, cotton-wool; W, wood; 
h, thermometer hole. 

ebonite sheets are filed off to a depth of 5 mm. to fit the jacket ends, and the 
middle of these sheets are cut out in different curved shapes to allow the leaf 
to be inserted. In one of these sheets there is a hole for the insertion of the 
thermometer. Three layers of adhesive plaster of increasing width not only 
fix the ebonite sheets securely to the jacket, but also seal the edges adequately. 
The small gaps in the middle, between the ebonite and the leaf surface, are 
first plugged with strips of rubber tape and subsequently more securely sealed 
with adhesive plaster. With this arrangement it was possible to maintain 
the temperature of the jacket space constant for 5 hours by adequate manipula¬ 
tion of the reservoir stop-cocks for inflow of water. 

Electrodes .—¥ot stems and petioles, platinum wires, and for motile pulvinus 
of Mimosa pudica, gilt tinsels are used. For leaf of Aloe perfoliata, silver 
sheets, 10 x 15 mm. and 1 mm. thick, are used, and to overcome transference 
of any mechanical disturbance to the electrodes these are joined to the copper 
leads by strips of tinsel. The upper 5 mm. of these electrodes, as also the 
tinsel junction, are thoroughly insulated with shellac varnish, leaving an 
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effective electrode area of about 1 cm.*. It was found that sheets 1 mm. thick 
are better alike for handling and connection with the leaf. In the method 
employed for measuring resistance, any change of e.m.f. at the electrodes 
does not vitiate the results, therefore cheaper silver electrodes were UBed 
instead of platinum, with equal accuracy. 

The Compound Potentiometer used in these observations consists of a Pye’s 
rotating potentiometer and a half-metre bridge. The terminals of these were 
specially made of copper to eliminate thermo-electric complications. 

The Galvanometer.— An Ayrton-Mather galvanometer, with a coil resistance 
of 6700 ohms and period 4*6 seconds, was used. Its sensitivity for 1 mm. 
deflection at 2 metres scale distance was 2*2 x 10 -10 amp. To save time and 
patience while finding out by trial the potentiometer e.m.f. which exactly 
balances the tissue e.m.f., the galvanometer is made dead-beat, by using a 
double-poled mercury key, which interposes a damping resistance of 10,000 
ohms ; when the exact balance is secured the damping key is tilted off, and if 
the balance still remains undisturbed the potentiometer key is tilted off and 
the deflection of the galvanometer noted. 

Experiments. 

Experiments were first carried out with complex tissues, petioles and stems, 
to be described later. At the suggestion of Dr. F. F. Blackman homogeneous 
tissues were employed. In the leaf of Aloe perfoliate (commonly known in 
Bengal as Okrithtmari and highly valued for its medicinal properties), the 
central “ aqueous tissue ” is a homogeneous mass of large thin-walled vaouolate 
cells, and it is easy to find leaves with aqueous tissues 2 cm. thick. 

Resistance of Leaf of Aloe perfoliata at Different Temperatures in the Living and 

Dead Conditions. 

As far as possible, leaves of similar age and dimensions, from potted specimens 
of Aloe perfoliata, were used for experimental material. A length of 36 to 40 cm. 
of a leaf was isolated and inserted into the rectangular thermal jacket; only 
about 12 cm. of the leaf enclosed in the jacket was subjected to variation of 
temperature, the rest projecting out from both ends of the jacket. The ends 
of the leaf were cut afresh and covered with a thick layer of wet muslin dipping 
into insulated beakers of tap water. After sealing the jaoket space with 
adhesive piaster in the manner already described, about 20 c.c. of water was 
introduced inside the jacket trough through the projecting funnel on top. 
About 1 cm. beyond the enclosed portion of the leaf, fine incisions were made 
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on both sides through drops of water with a Gillette blade and the electrodes 
were thrust in through these incisions to a depth of 13 to 14 mm., so that the 
effective electrode surface was in contact only with the central homogeneous' 
aqueous tissue of the leaf, the green heterogeneous layer, about 2 mm. in 
depth, being in contact with tho insulated portion of the electrodes. A thick 
layer of kaolin-glycerin-salinc paste was applied all round the contact and 
covered with three to four coatings of thin solution of pure Bhcllac. The 
thermometer was inserted inside the jacket through the hole in the ebonite. 

After attempting several different arrangements for maintaining the elec- 
trodic resistance constant for the long period of observation, it was found that 
the simple technique described above was the most reliable. A leaf of Aloe 
thus mounted could be used for experimental observation for two or three days 
in succession. The temperature of the jacket was changed very slowly, 
10° C. in the course of half an hour. When the enclosed portion of the tissue 
had to be killed at different temperatures, about 30 c.e. of chloroform (10 c.c. 
at intervals of 15 minutes) was poured through the funnel into the trough 
inside the jacket. * By inserting a thermometer through the middle of the 
leaf along its length, preliminary observations were taken to find the time it 
took the leaf to attain the temperature of the jacket. ThiB waB found to 
vary from 45 minutes to an hour, therefore all resistance measurements were 
taken an hour after the jacket attained a steady temperature. 

Observations. —(1) After the leaf was mounted in the jacket and electric 
connections made, it was allowed to recover overnight. The next morning its 
resistance at 20° C. was observed till a steady value was found, which was 
generally 12 to 14 hours after mounting. The temperature of the jacket 
was then raised to 30° C. in the course of half an hour, and maintained constant 
within 0 • 5° C. for 5 hours. Resistance measurements at intervals of 15 minutes 
were taken an hour after the temperature of the jacket had reached 30° C. 
Exactly similar procedure was followed for resistance measurements at 40° C., 
after which the temperature of the jacket was slowly lowered and the resistance 
of the leaf measured the next day at the same temperatures. Over 30 speci¬ 
mens were experimented upon, some at Almora in the Himalayas with the 
help of Miss H. B. Brewster, and I have repeated one series of observations in 
Prof. Blackman’s laboratory in London. The nature of the resistance changes 
has invariably been the same. 

At the suggestion of Prof. Blackman observations were taken to confirm 
that under the conditions of the experimental arrangement the main path of 
conduction was through the central homogeneous tissues, and not through 
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the outer heterogeneous layer of tissues. It was found that the specific resis¬ 
tance of the outer green tissue is certainly not less than that of the homogeneous 
central tissue, and as the cross-section of the central tissue is so much greater 
than the superficial green tissue, the main part of the current must certainly 
be carried by the central tissue. The observed changes of resistance therefore 
indicate mainly the changes of the central colourless aqueous tissue. 

In Table I a typical experiment is given in detail. 


Table I.—Showing Resistance (ohms) of Leaf of Aloe perfoliata at Different 
Temperatures : (1) the First Day, and (2) the same Leaf Next Day. 


Time 

in 

(i) 

Temperature. 

(*) 

Temperature. 

minute*. 








20* C. 

30° C. 

40° C. 

20° C. 

30° C. 

40° C. 

_ 

06,384 

74,828 

68,100 

95,964 

73,992 

67,208 

15 

96,364 

74,719 

68,094 

95,070 

73,808 

67,202 

80 

06,374 

74,724 

68,223 

00,082 

73,800 

67,201 

45 

96,388 

74,680 

68,108 

95,071 

73,709 

67,299 

60 

06,380 

74,633 

68,211 

95.072 

73,681 

67,286 

75 


74,510 

68,284 


73,504 

67,308 

00 


74,400 

68,310 


73,461 

67,421 

105 


74,612 

68,416 


75,389 

67,388 

120 


74,008 

68,341 


73,470 

67,300 

185 


74,400 

68,411 

i 

73,385 

67,573 

150 


74,358 

68,579 


73,321 

67,505 

165 


74,331 

68,584 


73,281 

67,498 

180 


74,310 

68,578 


73,232 

67,599 

105 


74,300 

68,592 


73,211 

67.560 

210 


74,259 

68,587 


73,202 

67,560 

225 


74,258 

68,591 


73,201 

67,558 

240 


74,259 

68,589 


73.202 

67,600 


It will be seen from the above table that (i) the resistance of the leaf at 
30° C. attains a fairly steady value in 3 hours, and at 40° C. within an hour . 
(ii) the diminution of resistance per 0 C. between temperature* 20° to 30° C. is 
2*3 per cent., while at higher temperature* from 30° to 40° C. the diminutton of 
re*i*tance is far less, only 0*7 per cent .; (m) with time the drift of variation of 
resistance at 30° C. is towards a decrease, and at 40° C. towards an increase ; 
(iv) the slight increase of resistance found after a time at 40° C. is not due to 
an increase in the contact resistance, since the resistance of the leaf at each 
temperature was less than on the previous day; and (v) the resistance change 
observed up to 40° C. is reversible, since almost identical variation of resis¬ 
tance with rising temperature was observed in the same leaf the next day. 

In the 30 specimens examined the resistance of the legf at 30° C. was found 
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to decrease with time, varying from 1 per cent, to 0*5 per cent, in the course of 
4 hours; for the same period resistance at 40° C., increase from 0-7 per cent, 
to 0*4 per cent.; when the leaf was cooled down slowly to 20° C., its resistance 
was found to be less than the starting value. The decrease of resistance 
observed at 30° C., as compared with 20° C., varied between 2*7 per cent, and 
1 ■ 8 per cent, per degree; while for temperature 30° and 40° C., it was found to 
vary from 1 per cent, to 0 • 4 per cent. 

Preliminary experiments were carried out to observe the variation of resis¬ 
tance of a leaf previously killed by chloroform vapour. A wide-mouthed 
Dewar flask was used as a chloroform chamber. A portion of a leaf about 
25 cm. long, with a small beaker just below it, was suspended by strings from 
a book fixed to the lower end of the flask cork. After pouring abput 40 c.c. 
of chloroform on the cotton-wool at the bottom of the flask, it was dosed by 
the cork with the leaf and the beaker hanging from its bottom. After 12 hours 
the cork was opened, and the discoloured leaf wiped dry and smeared with 
vaseline and mounted in the jacket. The specific resistance of the exudate 
which collected in the beaker was found to be 96-6 ohms. The resistance of 
the dead leaf was found to increase steadily; in course of 24 hours it increased 
by 48 per cent. This was mainly due to the increase of resistance at the 
electrodes and escape of electrolytes through the cut ends, as shown by the 
fact that when only the portion of leaf enclosed in the jacket was killed by 
chloroform and the electrodes were inserted in the projecting living portion 
of the leaf, the increase of resistance in course of 24 hours was from 3 to 4 
per cent. only. No further experiments w'ith killed leaves, otherwise than 
in the thermal jacket, were carried out. 

Observations.—(2) The leaves were mounted in the jacket in the usual 
way, but the electrodes were inserted 2 cm. (instead of 1 cm. as in the previous 
experiment) beyond the enclosed portion of the leaf, so as to leave room for the 
electrodes to be inserted again in the living portion of the tissue after killing 
the central enclosed portion by chloroform. The resistance of 15 leaves of 
Aloe at temperatures 20°, 25°, 30°, 35° and 40° C. was observed for an hour 
after the leaf attained the temperature of the jacket. A deduction of 0*7 
per cent, in the observed resistance was made for the temperatures 20° to 
35° C. and an addition of 0*5 per cent, for 40° C., as correction for time-effect 
shown in the previous experiments. Some of the leaves were killed at 30° C. 
and others at 40° C. by introducing chloroform into the jacket. The marked 
diminution of resistance on death was measured till it attained a steady value 
at those temperatures. It takes much longer to kill it at 30° C. than at 40° 0. 
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The temperature of the jacket was cooled down and the leaf taken out of 
the jacket, wiped dry, and the chloroformed portion of the leaf smeared with 
vaseline to oheck the escape of electrolytes through the epidermis. The leaf 
was mounted again, the chloroformed portion being enclosed in the jacket and 
the eleotrodes inserted in new positions, about 1 cm. beyond the killed portion, 
and the resistance measured at temperatures 20°, 30° and 40° C. in the usual 
way. The period of observation was purposely shortened, as in the killed tissue 
the escape of electrolytes through the epidermis increases with time and 
temperature in spite of the vaseline coating. The diminution of resistance 
of Aloe leaf on being killed by chloroform was found to vary from 290 to 300 
per cent. 

The detailed observation of resistance of a leaf, before and after it wbb killed 
by chloroform at 40° C., is given in Table II. In Table III iB given the per¬ 
centage variation of resistance of five leaves. From these it will be seen that 
in dead leaves the diminution of resistance with rise of temperature is fairly 
constant, if we consider the electrolytes which escape through the epidermis, 
the specific resistance of the exudate being very low (100 ohmB). If we take 
I-6 per cent, decrease of resistance for a rise of 1° C. as the purely physical 
effect on the electrolytes of the tissue, then between temperatures 20° to 30° C. 
the diminution of resistance in a living Aloe leaf is more than could be thus 
accounted for. Between 30° to 36° C. it is very nearly the same, while between 
36° to 40° C. the decrease of resistance is decidedly less than that due to the 
physical effect of rise of temperature. 


Table II.—Showing Resistance of Aloe Jjeaf at Different Temperatures, both 
in the Living and after being Killed by Chloroform. 


Temperature. 

•e. 

Roaistance in ohms. 

Living. 

Dead. 

20 

93,234 

24,864 

25 

87,420 


30 

78,684 

20,022 

35 

73,175 


40 

70,264 

17,620 
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Table III.—Showing Percentage Variation of Resistance per ° C. at Different 
Temperatures for Abe Leaf, before and after Killing by Chloroform 
Vapour. 


Specimen, 

Temperature range. 

living. 







20°-2fi° C. 

20°-30° C. 


30°~3tS° C. 

35M0* C. 


Per cent. 

Per oent. 


Per cent. 

Per oent. 

I 

2-2 

2 0 


1*4 

0*8 

11 

2-0 

2 3 


1-0 

0-5 

m 

2*5 

2-4 


16 

0-4 

IV 

2 1 

2 0 


1-5 

0*3 

V 

2 7 

2 4 


1-7 

0-2 


Specimen, 

| Temperature range. 


dead. 

20°-30° (’ I 

30°~40 9 C. 



Per cent. 


Per oent. 



1 

1 7 


14 



II 

1 3 


1 2 



III 

1 *5 


1 3 



IV 

1 fl 


1 fi 



V 

1*7 


1-5 



Experiments with the Stem of Basse la alba and the Petiole of Hehanthus 

annuus. 

Experiments similar to those described for the leaf of Aloe were carried out 
with the stem of Bassda alba and the petiole of Helianthus annuus. In fact, 
as already Btated, these were the first experiments in which the peculiar change 
of electric resistance with rise of temperature was observed. The experi¬ 
mental technique was similar to that described in the previous set of experi¬ 
ments, only the temperature of the jacket was raised by steps of 5° C. in 10 
minutes and was kept at that temperature from 15 to 20 minutes aecording to 
the thickness of the tissue, so as to attain the temperature of the jacket. The 
mean value of three successive observations at intervals of 5 minutes was 
taken as the resistance at that temperature. This procedure was repeated 
for each gradual rise of 5° C. till a marked diminution of resistance was observed, 
which was taken aB the death-temperature, and was found generally between 
55° to 62° C. according to the condition of the tissue. After this the jacket 
was cooled down to the original starting temperature, kept at that temperature 
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lot an hour, and observations taken with rising temperature by steps of 10° C. 
Detailed observations are not given here, since they are similar to those found 
with the more trustworthy results obtained with the homogeneous internal 
tissue of the leaf of Aloe. 

Observations .—(3) Over 20 experiments with each of these organs were carried 
out, mostly for the temperature range 30° to 40° C. Invariably it was found 
that the diminution of resistance from 30° to 35° C. was considerably greater 
than that for 36° to 40° C. The percentage diminution at the lower range was 
on an average 1*8 per cent, per degree, and 0-5 to 0*1 for the higher range. 
In some cases the resistance at 30° C. was the same as at 40° C., while in a 
few cases it was found to be greater. Up to 40° to 40° C. the temperature 
effect was found to be reversible. For the range 40° to 06° C. hardly any 
change of resistance could be observed, till a temperature from 66° to 62° C. 
is reached, when a marked diminution of resistance as also a reversal of the 
direction of the tisAuV e m.f. occurs, as has been previously observed by Bose (4). 
The resistance of the killed tissue at different temperatures was found to show 
a steady diminution throughout the entire range, except for the exosmosia of 
electrolytes through the epidermis. 

Experiments with the Pulvinus of Mimosa pudica. 

All the experiments were carried out with the petiole-pulvinus preparation 
of Mimosa pudica (5). To avoid variable light conditions observations were 
taken in a dark humid chamber. Fig. 3 shows the experimental arrangement. 
Along with resistance determination the turgor variation of the pulvinus, as 
indicated by the movement of the magnifying lever attached to the petiole, 
was noted at the same time. The thin three-ply board which covers the thermal 
chamber, and from which the petiole-pulvinus preparation and the electrodes 
arc suspended without touching the chamber, is previously heated and 
thoroughly shellacked. The coyer rests on four porcelain insulators on top of 
the chamber, this alike for insulation and ventilation. The thermal chamber 
is both electrically and thermally insulated. The temperature variation of 
the chamber is effected by the method already described. 

Electrodes .—The tinsel electrodes used in these experiments not only permit 
free movement of the leaf, but greater surface of contact could be obtained 
by winding the tinsel two or three times round the petiole without affecting 
the motility of the pulvmus. After the tinsel is securely tied it is covered 
with a layer of kaolin-saline-glycenn paste by a fine camel-hair brush, and the 
whole contact is covered with shellac solution for preventing evaporation and 
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Fig. 3. —Diagram of peti ole-pul vinua-preparation of Mimosa pudiea in thermal chamber : 
T, doable-walled thermal chamber lined inside with moist blotting-paper, b; V, three- 
ply board resting on poroelain insulators, p ; P, petiole-pul vinos - preparation mounted 
in flat phial, W, containing tap water; e, e", electrodes for measuring resistance; 
(, paraffined silk thread connecting petiole to lever, L. Arrow indicates direction of 
water flow. 

condensation of, from, or at, the contact. A fine silk thread soaked m molten 
paraffin is tied to the petiole, the other end being attached to the Bhort arm of 
the lever through a hole in the cover. The variation movement of the petiole 
was measured by the excursion of the long arm of a lever of Bose-type, con¬ 
structed by Mr. N. N. Sen Gupta of the Presidency College. A millimetre- 
squared paper pasted on to a plane glass plate, placed at right angles just 
clear of the bent tip of the long arm of the lever, gave a very accurate measure¬ 
ment of the movement of the petiole. 

Observations. —(4) Over 15 different specimens of Mimosa pulvinus were 
experimented upon and it was found that the change of resistance of the 
pulvinus at different temperatures was similar to that found in the Aloe leaf. 
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the petiole of Hdianihtu annuut and the stem of Batsda alba, i.e., the diminu¬ 
tion of resistance was greater in the living condition from 25° to 30° C. and the 
corresponding movement of the petiole was downwards (fig. 4), indicative 



Fio. 4.—Corves showing resistance at different temperatures of Jftmom pulvinus: L, 
living; D, dead (dotted), and M, moohanioal movement of leaf. 

of diminution of turgor, while beyond 37° C. the diminution of resistance was 
hardly noticeable, the concomitant movement of the petiole being upwards 
and so indicative of increase of turgor. Between 50° to 60° C. a marked diminu* 
tion of resistance and a sudden down-movement of the petiole was observed. 

In Table IV the detailed results of one experiment are given. In fig. 4 curves 
constructed by plotting resistance against temperature, as also the mechanical 
movement of the petiole in millimetres, are given. The resistance of the dead 
pulvinus was also observed, see the dotted curve m fig. 4. The lower per¬ 
centage diminution of resistance of the dead pulvinus is due to the escape of 
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electrolytes into the water in the small bottle in which the petiole-pul vinos 
preparation was mounted. The changes up to 45° C. have been found to be 
reversible. 


Table IV.—Showing Resistance of Mimosa Pulvinus at Different Temperatures, 
both in the Living and Dead Conditions. 


Temperature 

*C. 

Resistance in 100 ohms. 

Living. 

1 Dead. 

1 

25 

008 

350 

28 

465 


30 

441 

337 

32 

410 


35 

394 

310 

37 

382 


40 

378 

200 

45 

378 


50 

372 

265 

55 

368 


00 

201 



Conclusions. 

The experiments described show that for moderate temperature rise—20° 
to 30° C., in Aloe leaf and Bassda stem, and 20° to 35° C. in Helianthus petiole 
and Mimosa pulvinus—there is a steady diminution of electric resistance; 
for temperatures above this (30° to 36° C. in Aloe and Bassela, and 35° to 40° C. 
in Helianthus and Mimosa) the diminution is much less; above these tempera¬ 
tures the decrease of resistance becomes still slower or may not occur at all; 
with still further rise of temperature the tissues are killed and there iB an 
enormous decrease of resistance. 

When these changes in a living organ are compared with those in the same 
organ after death, it is found that the diminution of resistance in the dead 
tissue is very nearly uniform, as is to be expected. Furthermore, it is seen 
that for moderate rise the decrease of resistance is greater in the living tissue 
than in the dead; with higher temperature the fall in the resistance is about 
the same in the living and in the dead tissues; at a somewhat higher tempera¬ 
ture (beyond 36° and 40° C.) the fall is far less in the living tissue. This 
condition is continued until with rising temperature (about 60° C.) the cells 
are killed and a large decrease of resistance ensues. 

The dead tissue exhibits the purely physical effect of temperature in decreasing 
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resistance by increasing the mobility of the ions.. The fact that there are such 
marked differences between the responses to temperature of living and dead 
tisanes indicates that the permeabilities of the plasma membrane of the cells 
to ions are affected by temperature changes. The interesting result is thus 
brought out that the effect of increasing temperature is not a steady increase 
of permeability, as might be expected. The effect between 20° to 30°-3B° C. 
is an increase of permeability, then the rate of increase falls off, and the per¬ 
meability may not change at all with rise of temperature. With further rise 
(beyond 35° and 40° C.) the permeability decreases, until finally with the death 
of the cell the resistance of the plasma membrane breaks down and the electric 
resistance decreases enormously. 


Summary. 

The effect of temperature on the permeability of plant cells to ionB has been 
investigated by measuring the electric resistance to a direct current of various 
plant organs, on the assumption that such changes of resistance indicate a 
change of permeability of the plasma membrane to ions. 

By using the method of measurement in which the plant itself supplied the 
e.m.f. producing the current which is measured, the electric, resistance of the 
homogeneous aqueous tissue of the leaf of Aloe perfohata, the stem of Bassela 
alba, the petiole of Helianthus annum, and the pulvmus of Mimosa pudica 
at different temperatures has been observed, both in the living condition and 
after killing by chloroform or heat. 

These different observations show that the permeability of the plasma mem¬ 
brane to ions ( 1 ) increases with lismg temperature, i.e., from 20° to 30° C. in 
Aloe leaf and Bassela stem, and from 20° to 35° C. in Helianthus petiole and 
Mimosa pulvinus ; (li) from 30° to 35° C. in Aloe and Bassela and 35° to 40°C.. 
in Helianthus and Mimosa there is hardly any increase; (iii) beyond 35° or 
40° C. and lip to the lethal temperature the permeability decreases, the changes 
observed up to 40° or 45° C. being reversible ; (iv) at the lethal temperature 
the plasma membrane becomes highly jiermeahle, a change which is, of course, 
irreversible. 

I take this opportunity to acknowledge the financial help received from Mr. 
and Mrs. L. K. Elmhirst, and Mr. Glen Overton, which has made it possible 
to start a small laboratory, to ?rof. A. V. Hill for his unfading help and 
encouragement; to Dr. F. F. Blackman for his suggestions ; and particularly 
to Prof. V. H. Blackman for his help n nd criticism. I have also to acknowledge 
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The Vital Staining of Normal and Malignant Cells. I .-Vital 
Staining with Trypan Blue, and the Cytoplasmic Inclusions of 
Liver and Kidney Cells. 

ByR.J. Ludford, Foulerton Student of the Royal Society, and Honorary 
Lecturer in Cytology, University College, London. 

(Communicated by J. A. Murray, F.R.8.—Received June 13, 1928.) 

(From tho Laboratories of the Imperial Oanoer Research Fund.) 

1 . Introduction. 

Although intra-vitam staining has now become a routine method in histology, 
the application of this technique to the special problems of the cell is com¬ 
paratively recent. Vital staining has been fully discussed by von Mollendorff 
(1920, ’21, ’23, ’26). Full references to the literature, and the main results 
of vital staining, are to be found in his valuable reviews, in whioh he lays 
down the fundamental principles of the subject. 
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2. Principles of Vital Staining. 

There ate two ohief methods of vital staining. Either the dye can be injected 
into the body of the living animal— intra-vitam staining; or fragments of living 
tissue can be removed from the animal and immersed in dilute solutions of the 
dye—supra-vital staining. With basic dyes the latter method is usually 
employed owing to the difficulty of retaining the dye in fixed preparations. 
Basic dyes are also used inlra vitam, but most are more toxic than acid dyes. 
Whichever method is employed, with basic dyes, in general, there is an actual 
staining of pre-formed structures. Most investigators are in agreement that 
it is only non-living granules, or droplets, within the cytoplasm that are stained 
with basic dyes. 

Vital' staining with acid dyes is usually carried out by injecting a dilute 
solution of a relatively non-toxic dye into the living animal, either subcu¬ 
taneously or intravenously, or else intraperitoneally. The rate of difiusibility 
of dyeB determines to a great extent their efficacy for thiB purpose. Following 
injection of an appropriate stain, droplets make their appearance in certain 
of the cells. Those of the reticulo-endothelial Bystem show special propensities 
for taking up the dye, with which their cytoplasm becomes rapidly filled. 
Many of the cells of the animal body have not been found to stain, yet the 
trend of recent research has been to extend the list of cells which do stain with 
acid dyes. 

It is generally agreed that an acid dye, such as trypan blue, which enters 
the living oell, does so in the form of a dilute colloidal solution, and then becomes 
collected into droplets in certain parts of the cell. This is how von Mollen- 
dorff (1921) describes the process : — 

“ Zu verschiedenen Zeitcn dcr Farbstoffausbreitung innerhalb des 
Tierkorpera kann man verfolgcn, wie innerhalb der Zellen die Granula 
an Zahl, Grosse und Farbdichte ullm&hlioh zunehmen; dabei erhftlt 
man den Eindruck, dass zuerst die Granula den Farbstoff in einer sich 
allmahlich konzentrierenden Losung enthalteu. Sie sehon durchscheinend 
bub. Erst bei weiterer Farbstoffzufuhr wird der Tropfeninhalt inhomogen, 
manchmal Bind tanzende Komohen innerhalb der Vakuolen zu beobachten, 
bis eine vollstandige Ausfallung des Farbstoffes in dem Tropfchen zu- 
standekommt, wodurch ein Granulum die maximale Farbstoffmenge 
aufgenommen hat ’’ (p. 118). 

The essential features of vital staining with acid dyes are, therefore, 

(1) It is a purely physical process. 

(2) In the living cell there is no staining of pre-formed structures: the dye 
droplets are new formations. 

Y 2 
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3. Vital Staining with Add Dyes and the Cell Organs. 

If one injects 1 c.c. of a 1 per cent, solution of trypan blue subcutaneously 
into a mouse, a considerable accumulation of dye oan be seen in the cells of 
the convoluted tubules of the kidney twenty-four hours later. Comparison 
of a frozen section of such a kidney with mitochondrial and Golgi apparatus 
preparations will show— 

(1) That there is no obviously direct relationship between the mitochondria 
and the dye droplets ; 

(2) That there is remarkable similarity between the arrangement and position 
of the dye droplets, and the form and distribution of the Golgi apparatus. 

Jasswoin (1926) was the firBt to point out that trypan-blue droplets are 
formed in kidney cells in that area of the cytoplasm where the Golgi apparatus 
is situated. He showed that in cells of the convoluted tubules of Amphibians 
the position of the Golgi apparatus varies in different physiological conditions, 
and in each case there is complete agreement in the position of the apparatus 
and the dye droplets. By the methods Jasswoin employed he was not able to 
obtain either mitochondria or Golgi apparatus in the same preparation as 
the dye droplets, although in some of hiB Golgi apparatus preparations he 
found the latter were represented by brown granules. 

It has been established by recent research work that in gland cells the 
secretion granules or droplets originate in the cytoplasm in close relationship 
with the Golgi apparatus. To Nassonov is due the credit for having drawn 
attention to the essential similarity in the way in which secretion droplets arise 
in gland cells, and droplets of dye are formed in vital staining with acid dyes. 
Nassonov (1926) investigated specially the relationship between trypan-blue 
droplets and the Golgi apparatus m the kidney and liver cells of several verte¬ 
brates. He found complete agreement between the position and arrangement 
of dye droplets and of the Golgi apparatus in the early stages of intra-vitam 
staining. Furthermore, just as secretion granules of gland cells originate within, 
or in contact with, the Golgi apparatus, and later move away towards the 
outer wall of the cell, so do the trypan-blue droplets in the cells of the convoluted 
tubules. The same relationship between apparatus and dye was also found to 
hold in liver cells. These observations led Nassonov to attribute a definite 
physiological function to the Golgi apparatus. He says that— 

“ In den normalen Zellen dieses oder jenes Secret ira Plasma chemisch 
vortereitet wird, w&hrend sich die T&tigkeit des Golgi-Apparats auf die 
elektive Konzentration dieses Secrets und auf die Bildung von Granula 
oder Vaouolen beschr&nkt ” (p. 600). 
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Nassonov’s paper was published at the same time as a paper by Cramer 
and the present writer (1926) on the cellular mechanism of bile secretion. 
We drew attention in this communication to the relation between the Golgi 
apparatus of the liver cells and the intercellular bile capillaries. From the 
study of the Golgi apparatus of liver cells under various physiological conditions, 
we concluded that certain constituents of the bile were formed in relationship 
with the apparatus in the same way as secretion granules are in gland cells. 

The same year a paper was published by Makarov (1926) on thiB subject. 
He found in a large number of vertebrates that the Golgi apparatus of the 
liver cells was arranged around the intercellular bile capillaries. Further, on 
injecting trypan blue into the animals, dye droplets made their appearance 
in the region of the Golgi apparatus. 

The latest contribution to this problem has been made by Glasunow (1928)- 
He injected trypan blue into guinea pigB over relatively long intervals of time. 
By this method he was able to stain cells which previously had been considered 
unstainable intra-vitally. He also found that after a short period of injecting 
the dye, it appeared in certain of the cells, such as those of the liver and kidney, 
in the form of granules. After longer periods of injecting, Buch granules anasto¬ 
mosed to form filaments, and finally assumed the typical reticulate form of the 
Golgi apparatus. 

The position of this problem up to the present time is, therefore, 

(1) Injection of trypan blue for relatively prolonged periods brings about a 
deposition of the dye in certain cells identical in appearance with the Golgi 
apparatus. 

(2) Injection of trypan blue for shorter periods results in a deposition of the 
dye as droplets in definite areas of many cells The general arrangement and 
distribution of such droplets arc identical with the Golgi apparatus. 

The next step in the solution of this problem would therefore seem to be 
to attempt to demonstrate both Golgi apparatus and dye droplets in the same 
preparation. The technique by which this can be accomplished, and the results 
obtained by it, are described in this paper. 

4. Cytological Technique for Intra-Vitam Staining with Trypan Blue. 

Following the advice of von Mollendorfi, I have injected mice with 1 per cent, 
or 0*6 per cent, trypan blue. The 0*5 per cent, solution has been found to be 
more satisfactory than a 1 per cent, solution with experiments conducted over 
relatively long periods. In my latter experiments, half a cubic centimetre of a 
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0*5 per oent. solution of the dye was injected on alternate days over various 
lengths of time. After three oonsecutive injections, an interval of two days was 
allowed before the next injection. All injections were made Bubcutaneously. 
It is desirable to inject as deeply as possible, and, as von Mollendorff has 
recommended, to employ gentle massage so as to spread the dye as much as 
possible under the skin. 

The cells of the convoluted tubules of the kidney are deeply Btained after one 
or two injections. Most of our observations have been carried out on the 
cells of the liver and kidney of mice which have received five or six injections 
over a period of about a fortnight. Tissues have been fixed from 6 to 24 hours 
after the last injection. 

The cytological technique to be employed with tissues stained infra vitam 
depends upon the structure it is desired to demonstrate in addition to the 
dye droplets. Material can either be fixed in formalin and then cut frozen, 
or can be embedded in paraffin and sections cut in the usual way. Von Mollen- 
dorfl recommends as the best fixatives with trypan-blue stained material, 
firstly, formalin, 5 to 10 per cent.; secondly, concentrated sublimate solution. 
He also adds that tho potassium bichromate method of Altmann’s for mito¬ 
chondria can be used. 

The technique we have employed is as follows:— 

(i) For Dye Droplets and Nuclear Structures. Frozen Section.- -Tissues have 
been fixed cither in 40 per cent, formalin for two or three hours, or in 10 per 
cent, formalin in normal saline overnight. Sections cut with a CO, freezing 
microtome were stained with neutral red, as previously described for modified 
Kopsch sections. 

Paraffin Section. —Material has been fixed in formol-sublimate (8*5 parts of 
saturated corrosive sublimate to 1 part of formol). It is desirable to bring the 
fixed material as rapidly as possible through the alcohols. Neutral red has 
been employed for counterstaining the sections. 

(ii) For Dye Droplets and Mitochondria. —Frozen sections of tissues fixed in 
formol, and Btained with Hollands's iron carmine, have given good results with , 
the liver and kidney. Sections have been stained a minute, or less, in the 
carmine solution, rinsed, then blackened with iron alum and rapidly differen¬ 
tiated. After washing, they have been dipped in pyridin, then washed in 
running tap water before mounting. In successful preparations the mito¬ 
chondria are dark brown, and the trypan-blue droplets bluish black to pale 
blue. 
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(iii) For Dye Droplets and Golgi Apparatus .—Previous investigators have 
failed to obtain the Golgi apparatus and the dye in the same preparation. 
Both Jasawoin and Nossonov worked with the Kolatschev method. Nassonov 
points out that he based hiB conclusions upon a comparison of vitally stained 
preparations with sections demonstrating only the Golgi apparatus, “weil 
alle meine Mtihe die Vitalfarbung^an impragnierten Praparaten zu erhalten, 
keine positive Resultate ergaben ” (p. 481). 

Since, according to von Mollendorff, corrosive sublimate is one of the best 
fixatives for trypan-blue stained tissues, it seemed probable that by employing 
the modified Kopsch method I have used previously, successful preparations 
might be obtained. After having tried a number of variations of thiB technique, 
the following has given the moat satisfactory results :— 

Very small pieces of tissue were cut up with a safety-razor blade and fixed 
overnight in corrosive-osmic solution (equal parts of 6 per cent, corrosive 
sublimate and 2 per cent, osmic acid). After fixation tho fragments were 
washed for one-half to one hour in distilled water, which was repeatedly 
changed. The material was then transferred to 2 per cent, osmic acid, and 
kept in an incubator at 35° C. for 2$ days. At the end of this time the osmio 
acid was poured off and the fragments of tissue were washed with distilled 
water at 35° C. The water was continually changed until no smell of osmic 
acid remained ; then the material, still in distilled water, was put back in the 
incubator for another 24 hours. Finally, it was brought up through the alcohols 
during the course of seven or eight hours, left overnight in soft wax (45° C. 
melting point), and embedded in hard wax the next morning. 

Sections were cut 3 p in thickness, and either mounted directly in balsam, 
or else counterstained lightly with neutral red. This method has given 
excellent residts with the kidney. In the liver cells, however, there iB a less 
intense intra-vital staining with trypan blue, and the dye droplets are not so 
clear. It was, therefore, found convenient to counterstain the trypan-blue 
droplets with the basic dye, neutral red. This method has also been employed 
with sections of the kidney. 


5. Relation of the Dye Droplets to the Cytoplasmic Structures in the Kidney. 

The general arrangement of the dye droplets in cells of the convoluted 
tubules of the kidney, 24 hours after subcutaneous injection of 1 c.c. of 1 per 
oent. trypan blue, is shown in fig. 1. In the next figure is represented the 
arrangement of the Golgi apparatus (G) in the cells of a convoluted tubule of 
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ftos. 1-4.—Ceils of the convoluted tubules of the mouse—all, except fig. 2, stained 
intra-vitally with trypan blue. 

Fig. 1.—Typical arrangement of trypan-blue droplets (B) 24 hours after a 
subcutaneous injection of 1 c.c. of 1 per cent, trypan blue. 

Fio. 2.—Golgi apparatus (G) in cells of a normal mouse. 

Fig. 3. — Mitochondria (M) and dye droplets (B). 

Fig. 4.—Golgi apparatus and dye droplets. 

(Protocol of experiment of which figs. 3 and 4 represent the result: 1st day— 
0 5 c.o. of 1 per cent, trypan blue injected. 4th day—0*5 c.c. of 1 per cent, 
trypan blue injected. 7th day—0*5 c.c. of 1 per cent, trypan blue injected, 
8th day—tissues fixed.) 
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a normal mouse. These two figures illustrate the essential features of vital 
staining of such cells with trypan blue, namely:— 

(i) That there is no diffuse staining of the living cell; 

(ii) That the dye accumulates in the cell as droplets in a definite area of 
the cytoplasm; and 

(iii) That the general arrangement of the dye droplets coincides with that 
of the Golgi apparatus. 

It was by comparison of such figures that Nassonov arrived at his conclusion 
as to the function of the Golgi apparatus. There have been workers who 
have attributed to the mitochondria a r61e in the staining process. Such a 
view has not been sustained by recent researches. Pig. 3 shows the mito¬ 
chondria (M) and dye (B) in a frozen section stained by Hollande’s carmine 
method. The mitochondria (M) present the typical filamentous form of such 
cells. At the inner extremities of the long filaments, granular mitochondria 
occur. They appear to be mixed up with the dye droplets. It is impossible 
to tell whether such granular mitochondria may take up the dye. One can, 
however, definitely conclude that there is no accumulation of the dye by 
the mitochondria, as a whole, in the living cell. 

The intimate relationship existing between the dye and the Golgi apparatus 
is shown in fig. 4, which represents a section of a tubule from the same animal 
as fig. 3. Since by the method already described both dye and Golgi apparatus 
have been demonstrated in the same preparation, it has been possible to 
figure in detail the relationship between the two This is shown in figs. 5 
to 10, and these figures serve as a confirmation of Nassonov’s view. They 
show that the dye droplets (B) arise in association with the Golgi apparatus (Gl¬ 
and as with secretion granules in gland cells, the formed dropletB move out 
away from the apparatus into the cytoplasm. PigB. 5 to 10 are arranged as 
a progressive senes to illustrate what may be regarded as successive stages in 
the formation and accumulation of dye droplets (B) within the cell. 

It has been noticed occasionally in examining sections that part of the 

apparatus has reduced the osmic acid and appears black, while other parts 

seemed to be stained blue. This is shown in figs. 6 and 7. Such an 

appearance is probably due to the dye accumulating at the surface of the 

apparatus and opposing a barrier to the penetration of the osmic acid. 
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Flos. 5-10.—Golgi apparatus (G) and dye droplets (fi) in oells of convoluted tubules of 
the moose kidney. These figures are arranged as a progressive senes to illustrate 
what are regarded as successive stages in the deposition of the dye. 

(Protocol of experiment—same as figs. 3 and 4.) 

6. Relation of Dye Droplets to Cytoplasmic Structures in Liver Cells. 

Essentially the name relationship has been found to exist between dye 
droplets and the cytoplasmic structures in parenchymatous cells of the liver, 
as in the cells of the tubules of the kidney. Fig. 11 shows vitally stained 
liver cells; fig. 12 the normal form of the Golgi apparatus (G) in suoh cells; 
and fig. 13 the intimate relationship between the dye (B) and the apparatus (G) 
when both are demonstrated in the same preparation. The absence of any 
clear relationship between the dye (B) and mitochondria (M) is illustrated in 
fig. 15. 

It has been clearly established that during mitosis the Golgi apparatus 
fragments, and becomes scattered in the cytoplasm. There is a similar 
dispersal of trypan-blue droplets (B) in liver cells during mitosis, as is seen 
in fig. 14. 
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Figs. 14 and 15.—Parenchymatous cells of the liver of the moose stained infra vtiam with 
trypan blue. 

Fio. 14.—Metaphase of mitosis showing scattered dye droplets (B), and chromo¬ 
somes (N). 

(Protocol of experiment—1st day, injected subcutaneously 0-5 o.c. of } per cent, 
trypan blue. The name repeated on 3rd, 5th, 8th and 10th days. The tissues 
fixed on the 12th day.) 

Fio. 15.—Mitochondria (M) and dye droplets (B). 

(Protocol of experiment—Mouse received sewn injections of 1 per cent, trypan 
blue over a penod of 27 days.) 

of fig. 16, and are looked at from the direction m or n; while the cell 
shown in fig- 19 has been sectioned along the plane m—n (fig. 16). and 
is looked at from the direction * or y. The Golgi apparatus (G) in 
all these cells, therefore, occupies a peri-nuclear position, and is directed 
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Fias. 16-10 —Golgi apparatus (G) and dye droplets (B) in parenchymatous cells of the liver 
of a mouse stained intra ritam with trypan blue The dye droplets have been oountcr- 
Htained with neutral red in the sections. Figs. 16 and 17 are cells cut along a plane 
at right angles to two intercellular bile capillaries (C). Fig. 18 has been sectioned 
along the plane x —y of fig. 10, and is looked at from the direction m or n . 
Fig. 10 has lieen cut along the plane m—» of fig. 16, and in looked at from the 
direction x or y. (Protocol of experiment the same as for fig. 14 ) 


towards intercellular bile capillaries (C). The figures show that the dye 
accumulates as droplets (B) in relationship with the Golgi apparatus (G), 
preparatory to its excretion into the bile canabculi. 

7. Function of Golgi Apparatus and Mitochondria . 

The result of our observations are entirely confirmatory of the view of 
Nossonov, that it is the function of the Golgi apparatus to bring about an 
elective concentration into droplets of the products of cellular activity. This 
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process is a physical one. What, then, is the function of mitochrondxia ? 
This problem has been discussed recently by Horning and Petrie (1027). 
They refer to Cowdry’s (1926) surface-film theory of the function of mito¬ 
chondria, and express the opinion that in the light of recent biochemical work 
the evidence is strongly in favour of ensymatio syntheses taking place at the 
mitochondria-cytoplasmic surface. Their own studies upon mitochrondria 
during the germination of cereals support this conception. In their opinion 
a starch-splitting enzyme is located within, or at the surface of, the mito¬ 
chondria of the cells of the scutellum of the maize grain. A remarkable 
process is described by these authors. During germination, the mitochondria 
of the scutellum cells increase in numbers, and-are “ secreted ” into the starch- 
containing endosperm cells, where they bring about the “ corrosion ” of the 
starch grains by liberation of the enzyme. 

There is a great deal of evidence to show that increased cellular activity 
is expressed morphologically by an increase in the cytoplasmic -mitochondrial 
surface, and also in that of the surface of the Golgi apparatus. An explanation 
of this is afforded-by a correlation of the new conception of the function of the 
Golgi apparatus with the idea of the enzymatic function of the mitochondria. 
At the mitochoridrial-cytoplasmic surface synthesis by enzymes occur. The 
resulting products continually diffuse into the cytoplasm ,, preventing an 
accumulation at the surface of the mitochondria, which would inhibit further 
syntheses. At the surface of the Oclgi apparatus the elaborated products are 
concentrated into droplets, as a preliminary to their elimination. Such an 
hypothesis is in accordance with our present knowledge of these matters, and 
affords a crude explanation of the functional inter-relationship of the 
cytoplasmic organs. 

8. Summary. 

1. By meanB of the cytological technique described in this paper it is 
possible to demonstrate in cells of the kidney and liver of animals stained 
intra-vitally with trypan blue— 

(а) Dye droplets and mitochondria (figs. 3 and 15); 

(б) Dye droplets and Golgi apparatus (figs. 5-10 and 16-19). 

2. No definite relationship can be established between dye droplets and 
mitochondria (figs. 3 and 15). 

3. The dye droplets make their appearance in relationship with the Golgi 
apparatus, and when formed break away from it into the oytoplasm (figs. 5-10 
and 16-19). 



Vital Staining qf Normal and Malignant Cells . SOI 

4. The formation of dye droplets in relationship with the Golgi apparatus 
resembles the process of formation of secretion grannies in gland cells. 

5. Regarded in the light of recent research these observations suggest that 
the following functional inter-relationship exists between the Golgi apparatus 
and mitochondria:—At the mitochondrial-cytoplasmic surface syntheses by 
enzymes occur. The resulting products continually diffuse into the cytoplasm, 
preventing an accumulation at the surface of the mitochondria, which would 
inhibit further syntheses. At the surface of the Golgi apparatus the elaborated 
products are concentrated into droplets preliminary to their elimination. 
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A Theory of the Production of Zymase by the Living Cod. 

By Egerton Charles Obey. 

(Communicated by Prof. Sir F. Gowland Hopkins, F.R.S.—Received June 12, 

1928.) 

(From the William Dunn Institute of Biochemistry, Cambridge) 

The writer puts forward the view that zymase is a modification of the 
respiratory mechanism, and that the type of fermentation which leads to the 
production of alcohol and carbonic acid, or alcohol and formic acid as ultimate 
products, is the result of the continued action, under anaerobic conditions, and 
in an aqueous medium, of this surviving group of respiratory enzymeB. This 
view has, as far as the writer can ascertain, never been put forward in quite the 
same manner, although the trend of modem thought has undoubtedly been 
towards a conception of the dose rdation of respiration and fermentation. 

The idea of Maid (1904) seems to be the nearest approach to that here put 
forward, but differs in that likd that of Stoklasa (1903) it supposes zymase 
to be ready formed in the cell, living aerobically, and alcohol to be formed 
normally m aerobio metabolism, and not as the result of anaerobiosis. The 
writer holds that the zymase does not exist as such, but is the result of a change 
in the structure of the respiratory enzymes. Mazd’s view is in some degree 
opposed to Pasteur’s theory that “ life without air ” is fermentation, and 
contrary to the observed facts that in many cases withholding oxygen is 
followed by a fermentation with the production of alcohol, while at a surface 
freely aerated, fermentation is greatly diminished. Pasteur (1872) found that 
mycoderma vini changed from the respiratory to the fermentative habit when 
plunged under .water, and he observed, too, that the extent of alcohol 
production by yeast was inversely proportional to the aeration. 

As early as 1821 Bdrard had found that fruit maturing in an inert atmosphere 
gave rise to alcohol in very appreciable amount, which he attributed to “a 
sort of fermentation," and similar results were subsequently obtained by 
Leohartier and Bellamy (1869), Muntz (1878), Mazd (1899), and Godlewski 
and Polszeniusz (1901). Mazd, however, does not accept Pasteur's explana¬ 
tion of the absence of free oxygen as the exciting cause, for in his experiment 
upon peas, alcohol was produoed even when air was in contact with the water 
in which the peas were submerged, and the separated cotyledons exposed to 
air gave a certain production of aloohol also. Moreover Mazd found that 
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alcohol oould be produced and oxidised by the same organism. Thus he found 
the asoomyoete Ewrotyopia Qoyoni growing aerobically assimilated laotio acid, 
but submerged decomposed the acid into acetaldehyde and carbon dioxide. 

The writer does not wish to emphasise the difference of his views from, but 
their similarity to, those of Maz6, and is chiefly concerned in bringing forward 
further evidence in support of the idea that zymase and the respiratory enzyme 1 
are very closely related. For if it is so, many interesting conclusions may be 
drawn which follow logically from the theory. 

The evidence which the writer has to bring forward is the outcome of a long 

series of studies upon baoterial fermentation, chiefly by BariUua coli communis. 

\ 

The similarity of the process of alcohol production by this organism with 
aloohol production by yeast, or by maturing fruit, or other parts of living 
plants, was pointed out by the writer (1913) as the consequence of the detec¬ 
tion of acetaldehyde, which was shown to be produced only by the org anisms 
which had been grown normally, and not liy such as had been selected in the 
presence of chloroacetates, a treatment which Penfold (1911) had found 
robbed bacteria of the power to produce gas. Bacteria differ from yeast in 
their manner of decomposing sugar in particular in that they produce free 
hydrogen with the carbon dioxide. According to the third equation of 
Neuberg (1920), yeast converts alcohol into essentially the same products as 
does B. coli communis, with the exception that glycerine appears instead of 
laotic acid and hydrogen. 

The writer has, however, shown in 1917, and in the later numbers of this 
series, that lactic acid production by B. coli communis is independent of the 
formation of the other products, which are formed by a separate enzyme 
mechanism. This mechanism, therefore, differs only from zymase in that it 
has not the capacity to reduce acetaldehyde so completely to aloohol; the 1 
hydrogen responsible for this reduction appears instead in combination with 
carbon dioxide as formic acid. The change in the case of yeast is 

C fl H 12 0« = 2C 2 H«0 + 2CO a 

and for the bacterium, 

H,0 + C # H ia O a = CjHaO + C a H 4 O a + 2CO a + 2H a 

and for yeast in an alkaline medium, 

H a 0 + 2C«H ia 0a = CjlljO -|- C a H 4 0 a + 2CO a d- 2C a H$O a . 

It is clear that the resemblance between these types of fermentation is so 
close that one is justified in making generalisations concerning zymase from 
the study of yeast or baoteria. 

z 2 
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Experimental. 

The writer has shown in the previous communication, whioh was a confirma¬ 
tion of the experiment described in Part III (1917) of this series, that when an 
emulsion of B. eoli communis (aerobically grown) is added to glucose, 
there follows immediately under anaerobic conditions a decomposition of the 
glucose into a group of products among which aloohol is conspicuous, but that 
under these circumstances practically no lactio acid is formed. During this 
period the organisms are apparently dying in large numbers. They have at 
any rate lost the power to form oolonies on nutrient agar. These organisms 
have clearly been adapted, to an aerobic existence, and when plunged into the 
liquid medium, in absence of air, they produce what iB virtually an alcoholic 
fermentation. In the next few hours, there follows an apparent or real increase 
in the number of living or viable organisms; there is a synthesis of carbo¬ 
hydrate, and this is followed by lactic acid production. We may explain the 
formation of lactio acid later in the fermentation by saying that the organisms 
have taken on this mode of fermentation in response to the environment, or 
that unable to bring about effectively the formation of alcohol they fall back, 
so to speak, on the simpler mode of lactic aoid production; but in any case, 
we reach the same conclusion, namely, that when recently grown in air the 
organisms have a power to produce aloohol whioh they do not possess after 
they have been out of contact from the air for sometime, although they still 
ferment sugar at approximately the same rate. 

The bacteria under these conditions, therefore, seem to the writer to have 
behaved much as the mycoderm studied by Pasteur, or the fruit placed by 
B4rard in an atmosphere of carbon dioxide, or the peas of Maz6 placed under 
water. On account of the two distinct modes of anaerobic fermentation 
' possible to B. colt communis, this organism is particularly suitable for 
demonstrating the connection which exists between alcoholio fermentation, 
and aeration. 

Two further experiments may now be described m which again an analysis 
of the products of decomposition of glucose has been made at short intervals. 
The analysis of the products of the fermentation is shown below. To arrive 
at the results given in the table it was necessary to deduct from the amount 
of each substance present at the end of any period, the amount of it whioh had 
been present at the beginning of the period. The figures given in the table 
thus refer to the amounts of the various products which have appeared during 
the period in question. 
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Table I.—Products of the Decomposition of Glucose by B. coti oommunis, 
during Different Periods of the Fermentation. 



0-6 

hours. 

6-20 

houn. 

i 

25-38 

hoora. 

38-68 

hour*. 

68-83 

hours. 

Hydrogen . 

None 

0-193 

0 048 

0-263 

0-137 

Oarbon dioxide 

4715 

None 

None 

6-740 

2-796 

Formic aoid 

1-380 

1-314 

1-096 

0-176 

-0-466 

Aoetlo acid 

1 7-920 

7-092 

4-446 

8-220 

6-016 

Buodnlo acid . . . 

1 None 

2-236 

2-620 

2-096 

-0-188 

Alcohol 

! 1-3S0 

2 067 

1-220 

0*934 

0-344 

Lectio acid 

1 1-340 

6-678 

2-736 

6-696 

8-964 


16-705 

! 19-490 

12-168 

24-139 

17-365 

CUuooce consumed 

18-3 

1 

i 37-1 

i . 

4-8 

28-0 

11-0 


Total glucnae consumed 00-2 

Total products recovered 80-0 


As in the previous experiments of this type described by the writer (1917 
and 1928), the weight of the products obtained in the first period is approxi¬ 
mately the same as the weight of the sugar fermented in this period. When 
working with an emulsion of bacteria grown on agar aerobically, the writer 
has found no exception to this rule. There is a rapid death of bacteria in 
this period, but none the less the rate of fermentation is approximately the 
same as in later periods. The writer interprets these phenomena to mean that 
the fermentation during the first period is carried out through the agency of 
enzymes present in the bacteria at the time they are taken from the agar, in 
other words at the time when the bacteria are living an aetrobio existence. 
By comparing, therefore, the products of Period I with those of later periods 
we should be able to judge which are formed by enzymes generated during 
aerobic existence and which by enzymes generated or made to function later, 
i.e., during anaerobic existence. 

In the second period it will be observed 37 • 1 grams of glucose have been 
oonsumed, though the products in this period amount only to 19*5 grams. 
The missing glucose appears, however, in the products of the third period. 
The explanation has already been given in oonneotion with previous experi¬ 
ments of this typo, with which this present experiment is in entire agreement. 
The glucose whioh has disappeared has been converted into a non-reducing 
polysaccharide, stored up in the bacterial cells. In every experiment which 
the writer has carried out, and also in experiments carried out with W. M. 
Colies (1924), this polysaccharide has been shown to be formed in considerable 
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amount during the second phase of the experiment, namely, when the organisms 
having adapted themselves to the medium are increasing in number. This 
period is either accompanied by or immediately followed by an abundant 
formation of lactic acid. 

We are, therefore, apparently witnessing two IrindB of fermentation ooouiring 
to some extent simultaneously, the one a direct fermentation of glucose into 
formic acid (or its gaseous products), acetic acid, succinio acid and alcohol, 
and the other a fermentation of polysaccharide into lactic acid. It is not, 
however, certain that the lactic acid is only formed subsequently to the poly¬ 
saccharide synthesis, it may also be formed possibly directly from glucose, 
and likewise the polysaccharide may yield other products than lactic acid. 

The relative proportions in which the products are formed appear more 
clearly in Table II, in which they have been calculated in percentages upon 
the totals of products in each period. 


Table II. - Products of the Decomposition of Gluoose by B. colt communis, 
during Different Periods of the Fermentation, calculated as Percentages 
upon the Total Products of the Periods. 



0-6 

home. 

6-25 

hove. 

25-38 

hove. 

38-58 

hove. 

5B-S3 

bom. 

Hydrogen 

None 

1 00 

0*39 

1 00 

0 70 

Carbon dioxide 

28 22 

None 

None 

23 78 

16-10 

Stannic add . 

8 20 

0-23 

0*00 

0*73 

- —. 

Aoetio aoid 

47*41 

40*38 

30*54 

34*06 

28*80 

Snooinlo aoid 

None 

11*47 

21*53 

8 08 

— 

Alcohol ... . 

808 

10*00 

10*08 

3*87 

1*08 

Laotio aoid 

8*02 

34-26 

22*48 

27 74 

51*62 


In the first period, it will be observed, there has been a formation of approxi¬ 
mately 8 per cent, lactic acid. It is true that the alcohol formed in this period 
also only amounts to 3 per cent., but we must consider the fact that aoetio 
acid is an alternative for alcohol, for both may be derived from acet¬ 
aldehyde. The essential fact-, therefore, is that in this first period the pro¬ 
ducts of acetaldehyde have been formed, in amount representing 65 per cent, 
of the sugar, decomposed, and since we know that formic aoid or carbon dioxide 
and hydrogen must arise in conjunction with the formation of acetic acid it 
follows that about 92 per cent, of the glucose has in the first period been 
transformed by a reaction which may be represented by the equation 

C|H||0| = CjH^O *4* 2COjH t . 
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The Above change demands the formation of about 44 per cent. CO,, either 
free or as formic acid, whereas about 36 per oent. has actually been obtained. 
Fart of the acetic acid may have been derived by oxidation of acetaldehyde, 
for it is clear that oxidation is occurring during this period, while at the same 
time a very unstable compound of high reducing value is formed. The dis¬ 
appearance of hydrogen in this first period indicates also the intramolecular 
oxidation which is occurring. It would complicate matters to discuss these 
details further here. 

It is also possible that part of the acetic acid may arise by a reaction inde¬ 
pendent of acetaldehyde formation, but the simplest view is that which regards 
aloohol, acetic acid, and probably also succinic acid when it appears, as derived 
by the same set of reactions, with acetaldehyde as the mother substanoe 
formed in conjunction with formic acid, or carbon dioxide and hydrogen. 
The above reaction will be seen to be essentially an alcoholic fermentation 
using the expression in the broad sense as including the various alternative 
reactions based upon acetaldehyde. 

In the fifth period, on the other hand, the carbon dioxide formed amounts to 
less than 14 per cent, and the acetic acid plus alcohol to 30 per cent, or a total 
of 44 per oent. of products, which may be formed in conjunction with acetalde¬ 
hyde, while 56 per cent, of the Bugar has become lactic acid. 

It is conceivable, as mentioned above, that acetic acid may in part arise 
independently of formic acid by a mere intramolecular change of gluooae, 
since acetic acid has the same empirical formula as glucose. The arguments 
which have been broughtforward, however, would not be weakened by admitting 
that some of the acetic aoid, namely, that part which is formed in excess of 
the carbonio aoid or formic acid produced, had a separate origin from glucose. 
It would suffice to consider the gradual diminution in the production of 
alcohol and the increase in the production of lactic acid to become convinced 
of the fact that alcoholic fermentation by B. coli communis is more readily 
brought about by organisms which have been recently derived from aerobic 
conditions, than by those which have been some time in contact with the 
medium under anaerobic conditions. 

By way of further confirmation of tho results embodied in Tables I and II, 
another experiment of the same kind may be described. The percentage 
results alone need be given (Table III). In this experiment 32*32 grams of 
gluoose were fermented and 32-03 grams of products obtained. 
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Table III.—The Products of the Decomposition, of Glucose at Successive 
Periods throughout the Fermentation by B. ooU oommunit, expressed as 
Percentages upon the Total Products of the Period. 



6 houn. 

12 hour*. 

24 honra. 

30 houn. 

48 honra. 

Hydrogen 

None 

None 

1-30 

0*03 

0*18 

Carbon dioxide. 

282 

None 

20-S 

35 2 

22*9 

Ibimio add 

160 

None 

3*3 

None 

None 

Acetic add . 


35-5 

4-3 

25*7 

32*4 

Succinic add ... . 

aa-7 

40*0 T 

33*2 

None 

7*0 

Alcohol. 

0-9 

11 -5 

17*0 

None 

4-8 

Lectio add . . 

3-3 

6*1 

11*3 

38-5 

32-7 


The results of this experiment are essentially in agreement with those of the 
previous experiment. Here the alcohol production rises to a maximum in 
about 24 hours, during which time the lactic acid production is dormant. 
The sudden disappearance of alcohol appears to be due in part to its con¬ 
version into acetic acid, which is observed here, as in tho previous experiment, 
in spite of the anaerobio conditions. 

The formation of carbon dioxide without hydrogen deserves special note, 
for it is a fact observed in both experiments. It is the extreme case of the 
phenomenon observed in most of the writer's experiments, namely, that carbon 
dioxide iB formed in excess of hydrogen. It would appear to signify that 
carbon dioxide does not necessarily arise from preformed formic acid, but 
possibly there is from the very outset an equilibrium which may be represented 
thus 

H 2 .C0 3 ^HC00H. 

This raises a most interesting question as to the origin of carbon dioxide in 
these fermentations, which, however, cannot be gone into here. Other evidence 
of a similar kind will be found in Part IV (1920) of this series. The fact, 
however, that alcohol is formed by bacteria in conjunction with carbon dioxide, 
instead of formic acid, and without necessarily an evolution of hydrogen, 
illustrates still further the closeness of the parallel between alcoholic fermenta¬ 
tion by bacteria and by yeast. 

Too much stress must not be placed upon the figures for succinic acid. The 
writer has previously found pyruvic acid and also an unstable acid formed at 
the beginning of the fermentation which is not yet characterised, but might in 
part appear in the succinic acid fraction. Details will be communicated 
later. 

The doubt might still be entertained as to whether the gradual diminution 
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in alcohol production and increase in lactic acid production were the result 
of an actual change in the bacterial enzymes, or were due to the inhibiting action 
of the products accumulating in the medium. Agains t this idea, however, 
are the facts, confirmed by several experiments, that after an initial period in 
which there is death of bacteria, there follows a period of growth and 
synthesis, evidenced by the numl>er of colonies which grow on agar, and also 
by the formation of the polysaccharide. 

These facts suggest that the initial enzyme equipment of the air-grown 
bacteria is not suitable for prolonged anaerobic existence and that a readjust¬ 
ment occurs, presumably with the formation of new enzymes. The criticism, 
however, would lie just, and must be answered by further facts. 

In anticipation of the criticism, the experiment, described here as No. 1, 
was so arranged that during the course of the mam fermentation, already 
described (Tables I and II), samples of the fluid could be removed under 
anaerobic conditions into flasks containing fresh glucose, chalk and the neces¬ 
sary salts usod for the fermentation. These constituted side fermentations, 
which should all give approximately the Bame products if the enzymes were 
the samo at the time of removing the samples, but which Bhould give different 
results if the enzymes were different. The times at which the samples were 
removed to begin the side fermentations were 24, 38 and 58 hours respectively. 

Table IV.--Side Fermentations set up in Fresh Glucose by means of Liquid 
drawn off from the Mam Fermentation (Table I). (Results expressed 
as Percentages upon the Total Products.) 



A. 

R. 

C. 

Hydrogen ^ 

0*96 

1*26 

1-16 

Carbon dioxide j 

10*44 

16*01 

13-68 

Hormio acid ' 

4*00 

0*43 

0-18 

Acetic acid 1 

28 48 

26*67 

20*76 

Snodiuo acid | 

4*23 

4-56 

0 75 

Aloohol 

4*00 

2*94 

1-50 

Lactic acid 

38*28 

47*22 

61*05 


The fact, therefore, that the side fermentations do not all show the same 
results, although the conditions were the same in all three, indicates that each 
hm» continued the fermentation in the way it was being carried out in the 
main experiment at the time the sample was removed. At the time A was 
begun, the main fermentation had been in progress 24 hours. Aloohol pro¬ 
duction was therefore already on the wane and lactic acid production on the 
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increase. Accordingly, in the side fermentation A, we find a proportion of 
lactic, not as at the beginning of the main fermentation but much higher, the 
proportion rising progressively in the side fermentations B and C, sinoe these 
were removed at still later stages of tho main fermentation. Conversely, ae 
was to be anticipated, the production of carbon dioxide and formic aoid and 
alcohol have gradually decreased in passing from A to C. Thus the alcohol 
in A is nearly twice that of B, and B twice that of C. 

Another point of interest which emerges from the study of these side fer¬ 
mentations that the rate of fermentation is progressively slower, the later 
the samples used to start them were removed from the main fermentation. 
That the main fermentation should slow down might be attributed to the 
inhibitory effect of end products upon the enzymes, considered to be otherwise 
intact, but that the side fermentations set up by samples taken from the main 
fermentation should become progressively slower, can only be interpreted 
to mean that a change is taking place in the proportion between the enzymes 
themselves during' the progress of the fermentation. 

Conclusion. 

1. Of the two modes of fermentation by which B. eoli communis brings 
about the degradation of carbohydrates, namely, lactio fermentation, and the 
modified alcoholic fermentation, the latter is possible only when the organism 
has been recently grown in the presence of free oxygen. This does not mean 
that oxygen can be dispensed with in the production of the laotio acid enzyme, 
but that this mechanism can survive longer in the absence of oxygen than can 
the alcohol forming mechanism, which is considered in the case of bacteria to 
be very similar if not identical with yeast zymase. 

2. As an outcome of the observations on alcohol production by bacteria, 
the generalisation is made that “ zymase is the surviving portion of the respira¬ 
tory mechanism ” and alcoholio fermentation is “ the continued action, under 
anaerobic conditions, and in contact with an aqueous medium, of the surviving 
portion of the respiratory mechanism.” 

3. Thus zymase is not considered to be ready formed in cells growing 
aerobically, but, on the contrary, its formation is incompatible with respiration 
since it is supposed to arise by a distortion of the respiratory mechanism, and 
respiration will therefore fall off in proportion as zymase is formed. It is 
nsele« therefore to look for zymase in cells living a normal aerobic life. It is 
particularly in respect of this last paragraph that the writer’s view of the 
nature and origin of zymase differs from that put forward by any other. 
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In conclusion, the writer wishes to express his best thanks to Prof. Arthur 
Harden, F.K.8., for his very helpful criticism, and to Sir Frederick Gowland 
Hopkins, in whose laboratory this work was completed, for his constant help 
and encouragement. 
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The Enzymes of Bacillus Coli Communis. Part VI .—The Alternative 
Modes by which B. Coli Communis may bring about the Anaerobic 
Decomposition of Glucose. 

By Eoehton Charles Grey. 

(Communicated by Sir Frederick Hopkins, F.R.S.—Received June 12,1928.) 

(From the William Dunn Institute of Biochemistry, Cambridge.) 

The previous work which has been described in this series, has led to the 
recognition of the independence of many of the enzymes of BacMus coh com¬ 
munis (see this series, 1914, 1917, 1920) and finally to a simple theory ol 
bacterial fermentation in general (see this series, 1924). While admitting that 
some of the enzymes of bacteria may be specifically adapted to act upon certain 
configurations of atoms, this theory postulates that there exist within the 
bacteria cells, in all cases, enzymic mechanisms of a more fundamental 
character, a few of which suffice to bring about a great variety of chemical 
changes. These fundamental mechanisms divide themselves into two groups 
—those connected with intramolecular oxidations and reduction, and those 
concerned with the separation of carbon atoms. Stabilisation of the products 
of primary cleavage is considered to occur automatically and not to require 
additional enzymes. The course of any fermentation would depend upon the 
relative rates of action of these two fundamental modes of decomposition. 
The rate of action of the oxidation-reduction mechanism would moreover be 
conditioned by the availability of acceptors for oxygen and hydrogen, and 
hence this mode of decomposition is more complex and not so independent 
of the conditions as the latter mode, which brings about simple cleavage 
and intramolecular rearrangement of atomB. 

If this theory is correct it should follow that when the conditions of life for 
a micro-organism are difficult (as far example when the nutrition is poor, 
when there is prolonged anaerobiosis, and when the organism is old, or en¬ 
feebled by toxic influences) it should bring about less oxidation and reduction, 
and more simple cleavage and intramolecular rearrangement of the substrate. 
In the case of B. coli communis, therefore, less alcohol, formio acid, succinio 
acid and carbon dioxide, and more lactio aoid. The case of acetic acid cannot 
be considered for the moment, as it might conceivably arise by either mechanism. 

A consideration of the facts described in the previous communications of 
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this series, will probably bring conviction that they accord well with the theory; 
for example, in Part III (1917), it was shown that when a fresh aerobic growth 
of bacteria was allowed to ferment glucose anaerobically, abundant alcohol, 
sucoinio acid, formio acid, and carbon dioxide were formed, but practically no 
lactic acid. When, however, the same organisms had been acting upon the 
sugar anaerobically for about 24 hours they entered upon a phase in which 
they converted the glucose chiefly into lactio aoid. The result seemed to the 
writer of such importance that he decided to repeat the whole experiment 
described in Part III (1917). 


Experimental. 

The experiment was begun on February, 1928. The organism used was 
the stock B. colt communis obtained from the National Collection of Type 
Cultures, the Lister Institute, London. For the purpose of the experiment an 
emulsion of the organism was obtained from an aerobio growth on nutrient 
agar disposed in a broad layer in Roux bottles. The solution used to wash 
the bacterial growth from the agar consisted of tap water to which 6 grama of 
potassium sulphate and 1 gram of magnesium sulphate were added per litre. 
The reasons for these additions are given in Part III of this series (1917). 

Into a flask of 8840 c c. capacity were introduced 7000 c.e. of tap water, 
42 grams of potassium sulphate, 7 grams magnesium sulphate and 100 grams 
of glucose. 100 grams of glass wool was also used to serve as a support for 
the chalk added later. The solution was sterilised by heat, and after oooling 
to about 40° C., 100 grams of sterile chalk was added, and finally 1000 o.o. 
of the emulsion of bacteria. The flask was connected to a gas-collecting 
apparatus of the typo described in Part III of this series, and the air above 
the liquid displaced by a current of nitrogen, after which the fermentation was 
allowed to proceed at 37° C. and samples were removed from time to time 
during the course of the fermentation for the purpose of analysis. 

The experiment was begun at 5.30 p.m. on February 28, 1928. Bubbles of 
gas were first observed at 7 p.m. while a brisk fermentation had set in by 
11.30 p.m. Tunes of removing samples for analysis, volumes of the samples, 
and counts of numbers of organisms apparently living per oubic centimetre 
at time of taking the samples, may be seen from the following figures. 
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Data for Experiment begun 5.30 p.m. on February 28, 1928. 


No. 

1 

Time of taking 
umple. 

Time since 
beginning 
of 

experiment. 

Volume 

of 

•ample. 

Volume of 
solution 
remaining. 

Number of 
organisms 
apparently 
living per oubfto 
oentimetra. 



h. 

m. 

0.0. 

0.0. 


1 

11.30 p.m. on 28th 

e 

0 

788 

7212 

1 X 10“ 

2 

6 0 A.m. on 20th .. 

12 

30 

982 

6230 

7 x 10' 

3 

8.0 p.m. on 29th , 

23 

30 

1970 

4260 

1 X 10’ 

4 

1.0 a.m. on 30th 

31 

30 

968 

3296 

<1 x 10« 

5 

7.0 a.m. on 30th 

37 

30 





The rapid death of bacteria which accompanies the fermentation under 
these conditions is worthy of special mention, for when the organisms are 
suspended in saline, without any added nitrogenous matter, the bacterial 
oount does not alter markedly in 24 hours. The act of fermentation appears 
to be responsible lot the death of the micro-organisms, and this phenomenon 
in itself is in the writer’s opinion of considerable physiological significance. 

The estimation of the total carbon dioxide produced in each period of the 
fermentation by the decomposition of gluoose is somewhat involved, it neces¬ 
sitates the estimation of the total carbon dioxide produced, and the subtraction 
from this of the carbon dioxide resulting through the action of acids on the 
chalk, and also in cases where there is a decomposition of formio acid previously 
formed, a further deduction on this account must be made. 

To ascertain the total amount of carbon dioxide produced in each period of 
the experiment we must add together the amount of gas evolved and collected 
in the sodium hydroxide, the amount remaining in the gas space, which in the 
present experiment is gradually increasing, and the amount dissolved in the 
liquid, and from this total must be deducted the amount of gas left over in the 
liquid and in the gas space from the previous period of the experiment. 

The following are the data for the evolution of carbon dioxide gas in this 
experiment:— 
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The Production of Carbon Dioxide at Different Intervale of 
the Fermentation. 

(1) Carbon Dioxide in the Gas Space in the Flask. 


Period. 

Volume of 
gas space. 

CO,. 

Volume CO a 
present. 

CO, 

formed 

during 

period. 

Corrected 

volume. 

Equivalent 
in cubio 
centimetres 
NCO,. 


0 . 0 . 

Per oent. 

o.o. 

o.c. 

o.c. 

0 . 0 . 

1 

840 

20 

168 

168 

150 

13*6 

2 

1688 

42 

684 

516 

450 

41*7 

3 

2610 

33 

870 

186 

166 

15-1 

4 

4580 

24 

1009 

220 

204 

18-4 

0 

5545 

33 

1848 

749 

666 

60 5 


(2) Carbon Dioxide in the Fermentation Liquid. 
Quantities in cubic centimetres of normal carbonic acid. 


i 

Period. 

i 

Volume 
of the 
liquid. 

Amount 

per 

litre. 

Total 

cubio 

oentimotres. 

Brought 

forward. 

Produoec 
in the 
period. 


c.o. 

0 . 0 . 

o.c. 

o.c. 

c.o. 

1 

8000 

17 6 

140-8 

None 

110-8 

2 

7212 

33-3 

240-4 

126 7 

113-7 

3 

6230 

40 0 

249 2 

207-7 

41-5 

4 

4260 

40 0 

170 4 

170-4 

Nona 

5 

3205 

43 6 

130-5 

131-8 

None 


Calculation of the Total Carbon Dioxide Produced from Glucose during each 

Period. 


Period. 

Collected 

in 

alkali. 

Remaining | 
in gM 
spMO. 

Remaining in 
fermentation 
liquid. 

Total 

formed. 

Formed 

from 

ohalk. 

Fonned 

from 

gluoose. 

1 

2-5 

13 6 

140 8 

156-9 

163 

None 

2 

10-3 

41-7 

113-7 

165-7 

-27-4 

193-1 

3 

26 5 

15 1 

41 5 

83 1 

84-1 

None 

4 

29-2 

18 4 

None 

47-6 

40-9 

6 7 

5 

55*0 

60-5 

-1-3 

115-1 

1 

00-3 

54-8 


The fermentation therefore in the first period produces no carbon dioxide. 
In the second period there is an abundant production of carbon dioxide. In 
the two subsequent periods the carbon dioxide production falls to practically 
nothing, but rises again in the last period. 
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There is an anomaly in the absenoe of carbon dioxide in period three, because 
hydrogen is produced in this period. There can, however, be no question, 
taking the figures as a whole, that the rate of production of carbon dioxide 
during the fermentation varies from period to period. As will be seen from 
the analysis of the other products the absence of carbon dioxide in the first 
period is accounted for by an accumulation of formic acid, ^here is therefore 
nothing anomalou in the absence of this gas at the outBet of the experiment. 

The calculation involved in the estimation of the amount of hydrogen pro¬ 
duced in each period is somewhat similar to the calculation of the carbon 
dioxide, but simpler. The details need not be given here, but only the final 
result. 


Production of Hydrogen Gas from Glucose during each Period of the Experi¬ 
ment compared with Carbon Dioxide Gas Production. 


1 

1. 

2. 

3. 

4. 

5. 



o.c. 

0.0. 

0.0. 

o.c. 

H J 

None 

Trace 

038 

803 

1102 

06. 

None 

2143 

None 

74 

605 

Time 

6 h. 0 m. 

23 h. 30 m. 

23 h. 30 m. 

31 h. 30 m. 

37 h. 30 m. 


Total hydrogen . SMS o.o. gaa. 

Total oarbon dioxide . . 2822 o.c. gaa. 


The experiment therefore showB that hydrogen does not appear till later in 
the fermentation than the carbon dioxide. It appears to be held up at first 
and liberated gradually as the fermentation proceeds. 

The appearance of carbon dioxide at the beginning of the fermentation un¬ 
accompanied by hydrogen has been observed by the writer in several experi¬ 
ments carried out at different times during the last few years. There is no 
question but that this holding up of the hydrogen is due in part to the forma¬ 
tion of a highly unstable compound, which has in consequence a high redneing 
value. In consequenoe the estimation of sugar in the solution at the early 
stages of the experiment by the copper reduction method gives rise to very 
high results, as also does the estimation of formic aoid by a reduction method. 
The sugar must be estimated after prolonged heating with dilute aoid, under 
which circumstance the unstable oompound is decomposed. The nature of 
this substance is under investigation. 

In spite of the varied rates at whioh carbon dioxide and hydrogen appear 
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during the course of the experiment, the total volume in either case is approxi¬ 
mately the same, carbon dioxide being slightly in excess. The ultimate pro¬ 
portion in which these gaBes appear in the experiment is the same as in the 
experiment of Harden (1901). 

The oomplete data relating to the products of decomposition of glucose in 
this experiment are given in Table I. 


Table I.—Products of Decomposition of Glucose formed during Successive 
Periods of a Fermentation by B. coli communis. 



0-6 

6-12 

12-23 

23-31 

31-37 

Time. 

hours. 

hours. 

hours. 

hours. 

hours. 

Hydrogen . 

None 

Traoe 

/ 684 o.o. 

\ 0 0523 

1 

/ 730 o.o. 

\ 0 0654 

/ 991 o.o. 

\ 0-0888 

Carbon dioxide 

None 

4*248 

None 

0-147 

1*206 

Formic add 


— 1*829 

0*833 

0-313 

0*409 

Aoetlo add 

None 

None 

1*344 

0-486 

0-888 

Suooinio add 

1*634 

-0*738 

0-926 

0-116 

0-630 

Aloohol 

lose 

0*290 

1*204 

0-759 

0-431 

Laotio add 

0108 

2*178 

2-092 

2-143 

2-061 

Total. 

7 105 

6*716 

6-399 

3*964 

5-625 

Sugar dtoompowd 

7 04 

12*40 

0*37 

7-58 

3*49 1 


Total sugar fermented 30*88 gr. 

Total prodaota obtained 20*81 gr. 


There can be little doubt that the analysis as a whole is correct. The products 
add up nearly to the total of sugar fermented, and as regards the main facts 
the results of this experiment confirm well the experiment described by the 
writer in Part III of the series (1917). 

It may be seen from the data given above, as from those given in Part III 
of this series (1917) that the first phase of the fermentation is concerned with 
the production of alcohol, formic acid, and succinio acid; and as before, it 
will be noticed that there is no synthesis during this period, the weight of 
sugar fermented being recovered in the products formed during the same period. 
In the second period three phenomena are observable, sugar is apparently 
decomposed without yielding products in equivalent amount during the same 
period; the sugar has in reality been transformed into a non-reducing material 
which » fermented during the subsequent period, as may be seen from the 
figures. Seoondly, there is a decomposition of products formed in the first 
period, namely, formic acid, and succinio; and thirdly, lactio arid is being 
vol. ora.—». 2 a 
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formed, and is subsequently formed continuously till the end of the 
experiment. 

The extent to which reducing Bugar has been converted into non-reducing 
polysaccharide, may be deduced from the following figures for the glucose 
estimation in 1000 o.o. of the fermentation fluid, before and after hydrolysis, 
at different periods throughout the experiment. 


Time from atert. 

OluooM nine. 

Before hydrolysia. 

After hjdroljaia. 

h. a. 

(per 1000 o.o.) 

(per 1000 o.o.) 

6 0 

12-03 

11-62 

IS 90 

0'M 

9-00 

SS 30 

7-88 

0-84 

31 30 

700 

80S 

37 30 

7-OS 

SCO 


The presence of non-reducing polysaccharide is masked in the second period 
by the presence of a highly reducing substance, and this is why in the first 
period also there appears to be more sugar before than after hydrolysis. This 
highly reducing material is destroyed in the second and third periods, but 
appears in small quantity in the last period. It is interesting to note that the 
fermentation of glucose stopped at the end of the third period, although there 
was still 7 grams of sugar per litre. This result confirms the finding that the 
liquid contained very few living bacteria. Subsequently to the third period 
the products of fermentation arc chiefly due to the decomposition of the poly¬ 
saccharide previously synthesised. We have here apparently a fermentation 
analogous to the auto-fermentation of yeast, in which glyoogen is beingutilised. 

The writer would like here to record an observation made by his colleague 
Mr. W. M. Colles (1924), namely, that the process of autolysis of the polysac¬ 
charide of B. eoU communis is not inhibited by toluene. This is a further 
point of analogy with yeast (see Harden ‘ Alcoholic Fermentation,’ p. 33). 

To bring out more dearly the nature of the, ohemical changes occurring at 
the various stages of fermentation, we may write the data given in Table I 
in the form of percentages upon the total of products formed in each period. 
This gives us Table II. 
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Table II.—The Product* of Decomposition of Glucose at Successive Periods 
of Fermentation, expressed as percentages of Total Products formed in 
the same period. 



0-6 

hours. 

6-13 

hours. 

19-23 

hours. 

23-31 

hours. 

31-37 

hoots. 

Hydrogen . 

None 

None 

0*8 

1*6 

1-6 

Carbon dioxide 

None 

63-8 

_ 

3*6 

91-1 

Formic aoid 

606 

None 

120 

7*8 

7*2 

Aoetto aoid 

None 

None 

20*8 

13*1 

10-0 

Soodnio aoid 

23*8 

None 

14*4 

22*9 

■■TWiWiji 

Aloohol 

16*1 

4*3 

18*6 

18*8 

7-6 

Lao tie aoid 

1*0 

32*4 

32*0 

03 2 

38*0 


It may be pointed out that the alternative modes of gluoose decomposition 
here described are more fundamental, so far as the existence of the bacterium 
is concerned, than the alternative modes of fermentation whioh Neuberg has 
described for yeast. (See Neuberg and Reinfurth, 1918, Neuberg and Hirsch, 
1919, Neuberg, Hirsch and Reinfurth, 1920.) The second and third modes of 
fermentation set up by yeast are essentially modifications of the zymase action; 
they possibly occur to a slight extent with normal yeast fermentation, for 
glycerol and acetic acid are constant products of yeast fermentation, but 
little of these products is formed. The reactions do not appear to be in¬ 
dispensable to the life of the yeast, as is lactic acid production to the life of a 
bacterium of the Coli type. The readiness with which the enzyme mechanism 
responsible for gas production in the Coli group of bacteria is inhibited, 
illustrates the ability of the bacterium to dispense with this mode of fermenta¬ 
tion. 

Penfold (1911) showed that growth of coliform bacteria on agar, containing 
about 1 per cent, of sodium monochloroacetate, gave rise to colonies many of 
which had lost the power of gas formation. As a result of the change the 
organisms, as Harden and Penfold (1912) showed, produoed lactic aoid in the 
place of alcohol and other products associated with gas production. That 
the change, however, had not fundamentally modified the organism was 
indicated by the fact that only with difficulty could the organism be prevented 
from reverting to its former fermentative habit of gas production. The writer 
(1914) eremining the same organisms concluded that the effect of tiie chloro- 
aoetate treatment had been to inhibit, or temporarily abolish, the reducing 
mechanism, in other words to lower the rH (Mansfield Clerk) of the cell. 


2 ▲ 2 
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Conclusion s. 

The claim mode in Port III (1917) of this aeries that fermentation by Bacillus 
ecili oommunis oould be brought about in more than one way, though under 
anaerobic conditions, and that the mode of fermentation depended upon the 
vitality of the organisms, has been confirmed by a further study of the pro¬ 
ducts of fermentation at short intervals. 

Two main modes of anaerobic fermentation by B. eoli oommunis axe dis¬ 
tinguishable, the one involving cleavage oombined with oxidation and reduction, 
and the other involving cleavage combined with mere molecular stabilisation. 
The former is analogous to alcoholic fermentation by yeast, with the chief 
fundamental difference that formic acid appears instead of carbonic acid. 
The latter is essentially a lactic acid fermentation. B. ooli oommunis thus 
appears to combine the enzymic properties of yeast with those of a lactic acid 
bacillus. 

The latter mode of decomposition is the simpler; it supplies less energy to 
the oell, but also makes less demands upon the resources of the cell, and appears 
to be lees sensitive to the influence of the reaction of the medium; consequently 
it is the mode of fomentation adopted by the organism when its vitality is 
low, as the result of age, prolonged absence of oxygen, and accumulation of 
toxic products. The action of chloroacetates observed by Penfold and Harden 
(1912) finds its explanation on this barns. 

My best thanks are due to Prof. Arthur Harden for valuable criticism, and 
to Sir Frederick Hopkins, F.R.S., in whose laboratory this work was done, 
for valuable help and advice. 
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Introductory. 

In the condition of decerebrate rigidity the extensor muscles involved are 
in a state of tonic contraction, which is accompanied by a series of small 
action-currents, first demonstrated by Dusser de Barenne (9) and Buytendijk 
(4). Fulton and Pi-Sufier (12) have recently observed that these aotion- 
currente cease during the course of a tendon jerk in the same muscle, and 
that their reappearance precedes by a constant interval, and therefore is 
almost certainly the action-current accompaniment of the small mechanical 
contraction whioh is usually seen delaying the decline of the decerebrate 
tendon jerk. This mechanical contraction on the decline of the tendon jerk 
was known to earlier workers (24) as the tonic after-discharge of the jerk, 
and was described as the “ hump " or “ myotatio appendage ” of the jerk, 
by Ballif, Fulton and Liddell (2). It was interpreted by them as a reflex 
contraction caused by the sudden relaxation of the jerk, a phenomenon of 
stretch-reflex type caused by the passive lengthening of the muscle during 
the relaxation. 

Fulton and Pi-Sufler (12) interpret the absence of action-currents during 
the jerk as the result of slackening of some receptor organ in the muscle 
by the manliaiileal shortening taking place during the tendon jerk, and their 
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reappearance as due to the reflex result of renewal of tension upon that 
receptor. This receptor, which, ex kypothesi, must react to passive stretoh 
by causing reflex excitation in the same muscle, these latter authors identified 
with the muscle spindle, since in their opinion that organ, in virtue of lying 
“ in parallel ” with the muscle fibres, was likely to be slackened when the 
muscle substance surrounding it contracted. 

This period of absence of action-currents during the tendon jerk has also 
been investigated in the course of experiments made by the author in work 
in connection with the problem of reflex posture, and since a number of facta 
obtained throw open another interpretation of the phenomenon they are here 
presented. 

Technique. 

The animal preparation, decerebrated under deep chloroform-ether 
anaesthesia, or in some experiments simply decapitated under the same 
anaesthetic, has the muscle or muscles which are to record isolated, by 
paralysis of all others by nerve section, except for the M. Ileopsoae and the 
short hip extensors, which are immobilised by tendon section. The origin 
of the musole producing the record is fixed by drills through the bone, two for 
each bone in the case of the femur and tibia, and a clamp to the symphysis 
pubis where the pelvis requires fixation, and these drills and clamps are as 
usual fastened to steel uprights from the heavy experimental table so that 
complete rigidity of origin is obtained. The muscle tendon, with a piece of 
natural bony insertion, is hooked to the horizontal myograph lever and 
pulls downward upon it. Torsion wire myographs, as described by 
Sherrington (20), fixed rigidly to a strained steel girder framework, as devised 
by him and used in this laboratory for several years, have been used 
throughout. The myograph has been used in the same optical system as a 
string galvanometer of the Cambridge pattern. The present arrangement, 
which has worked satisfactorily for over eighteen months, is a double 
myograph, composed of two parallel wires with horizontal tension arms and 
parallel vertical registering frames. Each frame is of spring brass, flat in the 
plane of movement, and shaped to carry a taut fine rabbit hair which, 
magnified 100 times, forms the recording shadow. The vibration frequency 
for a free release from maximum tension is over 1000 d.v. a second. Damping 
when free is very rapid, owing to the friction bearing at the free end of the 
wire, and when attached to a viscous muscle mass appears to be instantaneous. 

Combined with the two myograph images in the one optical system are the 
images of two strings in the double string case of the string galvanometer, 
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and by arranging the two myograph levers to move in the plane of the dia¬ 
phragm of the microscope ocular, all four images are arranged to play upon 
the one camera plate. 

This system can be used for reoording the oombined action-currents and 
mechanical contraction of two muscles concurrently, or, if so required, oan be 
used for one single muscle. The galvanometer leads are silver-silver chloride 
pins, arranged one in the belly of the muscle and one in or near the tendon. 
Where the action-currents were obtained from two neighbouring muscles 
concurrently, it was found that provided the tendon leads were in a part 
freed from underlying structures, and the other leads piercing the surface 
of the muscle, where not only the skin and underlying connective tissue had 
been removed but also the surface of the muscle substance oarefully cleaned 
of investing perimysium, no transmission from one muscle to another occurred. 
The independence of the leads was quite easily demonstrated by the presence 
of large deflections in each during periods of quiet in the other. Provided these 
precautions are taken, the transmission of action-currents from one muscle 
to the leads from another, as described by Forbes and Barbeau (10), does not 
occur. The time records and signal records have been obtained in the manner 
described in earlier papers 

Taps upon the muscle tendon to elicit tendon jerks have been made by the 
Anger, by a rubber-covered rod, by a hinged tapper arranged so that the second 
blade falls a little later than the flrst, or by a rotary cam arrangement, whioh 
releases a spring lever which bounces back from another spring and is caught 
by the higher level of the revolving cam on the return, so delivering a tap 
of extremely brief duration. 

Results. 

Isometric records of tendon jerks in quadriceps (11 and 2) and in supra- 
spinatus (7) are usually obtained with the muscle in a state of preceding qui¬ 
escence. In an extensor muscle in a decerebrate animal this means slackening 
of the muscle until no stretch reflex is present, for, as Liddell and Sherrington 
(20) described, the stretch of these muscles beyond a certain length evokes in 
the muscle stretched a reflex contraction, the stretch reflex, which is main¬ 
tained during the maintenance of the imposed stretch. A tendon tap upon 
the quiescent muscle elicits the conventional tendon jerk, with its action- 
current, followed by a “ hump” with its action-current. The silence in the 
string described by Fulton and Fi-Sufier is seen only when a background of 
stretch reflex exists. Under these conditions it has been the experience 
of the author that, provided no mechanical vibrations are allowed tb 
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effect the galvanometer leads, this silence in the string record is always 
demonstrable. 

Tendon jerks during a mild degree of stretch reflex are seen in Plate 7, fig. 1, 
in vastus intemus and crureus combined (the remainder of quadriceps having 
been paralysed and resected). The action-currents of orurens and vastus 
intemus are recorded separately and concurrently in two strings, and it can 
be seen that the efferent wave of the tendon jerk appears in each, and also 
the “ silent period ” (as it will be called for brevity) in the string record. It 
happens that wherever the galvanometer leads are placed in the muscle or 
muscle group exhibiting the jerk, the aotion-currents always show the silent 
period, and, therefore, the action-currents have ceased throughout the muscle 
group during this period. 

The silent period is not the result of the mechanical strain of the tap upon 
active muscle elements, because in deafferented muscle similar or heavier tendon 
taps (Plate d, fig. 19, b) are without effect upon the aotion-currents of a con¬ 
traction, and a slight mechanical fall following the tap, owing to the peripheral 
mochanical effect described by Gasser and Hill (13), is the only sign of any 
disturbance of the muscle. The silent period of the tendon jerk therefore 
requires an intact afferent supply to the muscle for its appearance. It accom¬ 
panies tendon jerks elicited by tapping the table with a rubber-covered rod, 
and therefore is in no sense an electrical artefact dependent upon conduction 
away from the muscle. 

The muscle therefore receives no exciting volloys during the silent period, and 
the absence of mechanical relaxation must therefore be due to the persistence of 
the mechanical response set up by the preceding efferent volley of the tendon 
jerk, which lasts long enough to maintain the contractile tension of the muscle 
until the silent period has finished and reflex reactivation of the muscle ensues. 
The shortness of the silent period thus enables the duration of the already-ini¬ 
tiated twitch contraction to bridge across the interval of inhibitory interruption. 

The variation in the duration of muscle twitches in the same muscle from 
animal to animal will be described in another paper to be published shortly, but 
it is evident here that if the muscle were to show tendon jerks of short enough 
duration, relative to the duration of the silent period, then mechanical relaxation 
should occur during that period. This can, in fact, occur, and in fig. 2 the tendon 
jerks in a quadriceps which was very rapid indeed show a fall after each rapid 
jerk, and this fall ceases only when recovery from the silent period occurs. 
The silent period can be definitely regarded, then, as a cessation of discharge 
during the tendon jeric, and occurs throughout the muscle exhibiting the jerk. 
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Hue, however, another question is raised. How is it that the muscle in 
fig. 2 is able to relax so far if relaxation per te causes the recovery from the 
silent period ? Indeed, in the first jerk in fig. 1, the recovery from the silent 
period takes place before any relaxation occurs, and the “ hump ” or “ myo- 
tatio appendage ” is grafted on to the jerk plateau. Relaxation here seems 
not to be necessary, just as in fig. 2 it seemed without effect. The point may be 
further exam i n ed in the muscles which extend the ankle, gastrocnemius and 
aoleus, which present the advantage of having twitch durations particularly 
favourable for examination of the question. That is, it can be taken for the 
present for granted that gastrocnemius responds with a peripheral contraction 
duration, which is rapid and uniformly so, while soleus responds with slow peri¬ 
pheral duration which has no rapid element in it. Quadriceps, on the other 
hand, is a muscle of mixed elements of slow, intermediate, and rapid, duration, 
and it is often impossible to say whether a given relaxation is occurring in one 
element or another. In gastrocnemius at moderate initial tension (».«., short 
length) and consequently showing but little stretch reflex (fig. 3) taps upon the 
tendon elicit the conventional tendon jerk with action current, twitch-like 
corresponding contraction, silent period and hump 

Lengthening the muscle further (figs. 4 and 5) causes further increments 
of stretch reflex and a more intense action-current background, and now tendon 
taps (or table taps) cause jerks of smaller mechanical tension but with the 
same size of action current Further increase in the stretch reflex background 
has the effect of abolishing the mechanical jerk completely, although the 
action-current and silent period remain. A stage is reached where the 
stretch reflex background is so well developed that oidy a small efferent 
volley, and usually an exceedingly short sdent period, remain (fig. 6, from 
another preparation). The silent period is sometimes absent after a very 
small volley. A silent penod is never seen without an efferent wave of certain 
sice. 

With soleus, where the muscle response is of long duration, the “ hump ” 
tends to occur at the angle, even at very low initial tension (fig. 7), and as 
long as the mechanical jerk » marked the silent period remains much the 
same length. In this muscle it often happens that a very slight degree of 
stretch reflex abolishes the mechanical jerk response and only the efferent 
volley and silent period remain (figs. 8, 9 and 10). Here again the efferent 
volley always accompanies the silent period. 

Cooper, Denny-Brown and Sherrington (6) found that the flexor units 
available to one ipsilateral afferent nerve in the spinal cat included some 
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units which could be excited from another afferent nerve and some which were 
often not excited by most other afferent nerves. The exciting effect of one 
afferent source could be occluded at the overlapped unitB by the excitation 
of the other afferent source. So, too, in the present case the fact that the 
mechanical tendon jerk is swallowed by a stretch reflex is evidence of the fact 
that the tendon jerk units are already activated by the stretch reflex. The 
defect is not in the end organ appreciating the tendon tap, for the action-current 
and silent penod still exist, and it does not mean that the effector units are 
excluded from excitation by the tendon afferents, for the efferent volley still 
exists; therefore, the defect of the mechanical jerk must lie in the muscle, 
and a ready explanation of it lies in the fact that the muscle units are already 
being activated by a tetanic discharge, but one which is Blow enough not to 
leave many units refractory at one instant and yet rapid enough to prevent 
one more impulse from adding any mechanical tension. The units activated 
by the stretch reflex are probably therefore activated by a slow series of 
impulses, just sufficient to fuse the mechanical result, and this is confirmed 
by investigations by a more direct method, which will be reported in a later 
paper. Viewed in this light the occurrence of the action-current of the tendon 
jerk at almost full size, when the mechanical response is absent and growing 
smaller as the background reflex is further increased in intensity (rate of 
discharge increasing), is comprehensible. 

The silent period is therefore an accompaniment of the efferent volley of the 
jerk, provided that volley is of any appreciable size. From the total cessation 
of action-currents it would seem that this period is, in fact, an inhibition. 
That this ib the case is seen when the jerk is played against an excitatory 
reflex, such as crossed extension (figs. 11 and 12), where it grows shorter as the 
excitation recruits and longer again in the after-discharge. >3o also the silent 
period appears against a background of reflex stepping or ipsilateral extension, 
alwayB appearing as a complete cessation of all action-currents following the 
efferent volley of the jerk. 

The effect of permitted shortening during the contraction of the jerk 
response is stressed by Fulton and Pi-Sufier as evidence of the dependence of 
the appearance of the “hump ” upon the amount of lengthening of the musole in 
relaxation. In fig. 13 (Plate 8) the shortening occurring during the jerk ia small 
(1*17 mm. per kilo.), while in fig. 14 it is large (4*83 mm. per kilo.). The two 
jerks were obtained from the same muscle within two minutes of caoh other 
and begin from the SAmc reflex tension. The duration in fig. 13 is 88 a and 
the jerk tension is 200 grams, while in fig. 14 the duration is 69 a and the 
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tension 180 grams. This difference is probably solely due to the shortening, 
and has been obtained often in mammalian muscle-nerve preparations. The 
silent period, however, is the same length in each, although the shortening 
in the former is only 0*23 mm. and in the latter 0*80 mm. The time of occur¬ 
rence of the " hump,” therefore, is only altered in relation to the angle, and not 
in relation to the duration of the silent period, which preserves some degree 
of constancy at a given reflex tension. 

To determine whether the silent period was due to the tendon tap or other¬ 
wise, the tendon jerk was imitated by applying a break shock to one ventral 
root in continuity, i.e., causing a single synchronous efferent volley during 
the course of a stretch reflex. This was repeated during varying stretch reflex 
tensions, and with different efferent ventral roots, and compared with the 
result of a tendon tap under the same conditions. It was found that the 
efferent volley alone produced a silent period following it, indistinguishable 
from that accompanying a tendon jerk at the same tension, and, conformably 
with the silent period of the jerk, all discharge ceased for that period, although 
only one ventral root was stimulated (figs. 15 and 16). It was possible to avoid 
escape of the stimulus to the accompanying dorsal root and the neighbouring 
ventral roots. Especially is this avoidance attainable, with certainty, and with¬ 
out much difficulty, in the case of the long seventh lumbar ventral root. 

The silent period, then, is an accompaniment of- or, strictly speaking, an 
immediate sequel to—a volley of motor impulses however produced, and as 
has been seen from the study of the tendon jerk, the efferent volley must be of 
some size—a large relatively synchronous volley is necessary to produce it. 
This means that an efferent wave must occur in a certain number of motor 
fibres at approximately the same time for the inhibition to occur. 

The next step is to determine whether activation of purely motor units 
occasions the appearance of the silent period; it was shown above that a 
tendon tap in deafierented muscle does not cause it, yet it might occur after 
a synchronous volley in the motor units to dcafferented muBcle. In a decere¬ 
brate cat a muscle which had had its afferent supply interrupted by section 
of the afferent roots supplying it (under deep anaesthesia and with strict 
asepsis) four days earlier was activated by break shock during the course of 
reflex responses. As is shown in figs. 17, 18 and 19, the break shock, which 
alone causes a muscle twitch, causes a smaller action-current when it is super¬ 
imposed upon a reflex discharge. The action-current is smaller the greater 
is the intensity of reflex discharge upon which it falls, and this can be inter¬ 
preted as being the result of a greater number of motor fibres being in some 
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part of a refractory phase, owing to the greater number of nerve fibres in 
activity, and also probably a greater rate of discharge in each nerve fibre as 
the reflex develops. 

It is found that when the discharge is small the efferent wave caused by the 
break shook is followed by a silence of some 40 a, and when the background is 
intense the same period of silence occurs, but it is distinctly relative silence, 
it is broken by small waves. In fact, the silence is never actually complete 
as is the silent period of the jerk, except when all fibres are activated by the 
break shock (an occasion indicated by an action-current the same size as 
that of the control, with no background). From other considerations the 
discharge in a deafferented crossed excitation, such as occurs in figs. 17 and 18, 
is following the rate of the stimulus (60 a second). Therefore, it is evident 
that the break-shock activation has thrown the units activated into some 
kind of refractory phase, and the ripples which escape the refractory phase 
can be regarded as the continuity of reflex discharge in units which were 
refractory at the moment of application of the break shook. Presumably, 
the units which were excited were subjected to a propagated disturbance, 
which travelled centralwards and set up this refractory phase in the central 
portion of the unit, for the local refractory phase in this nerve never exoeeds 
4 a in my experience. The central disturbance may have been an inhibition 
set in action through the axon collaterals of Golgi, but in that case it did not 
affect any motor units besides those activated, nor those of any other muscle 
examined. The activation of the motor units of the deafferented flexor did 
not affect the motor discharge of the extensor for example, or the units of one 
extensor affect those of another. Therefore, it would seem desirable to con¬ 
sider this type of silence as a central refractory phase. This refractory period 
is a little shorter for more rapid muscles. 

There is, however, a great difference between the central refractory phase 
and the silent period of the tendon jerk. The former affectB only the units 
activated and at its longest is comparatively short-lasting. The latter affect* 
all the muscle centre, even though only a few units be activated, and can 
last very much longer with comparable degrees of background. Furthermore, 
the silent period can affect not only the motor units of the muscle where the 
jerk occurs, but in favourable conditions can appear without the efferent 
accompaniment in other muscles of the extensor centre. In fig. 20 it is seen 
in gastrocnemius during a tendon jerk in quadriceps. The latency of the 
appearance of the silence in gastrocnemius was 26*6 a, 24-0 a, and 18*8 o, 
in three instances where no efferent (jerk) wave preceded it, measured from the 
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onset of the tap upon the tendon in quadriceps. The latency of the tendon- 
jerk efferent volley in this quadriceps averaged 6-4 a, from records of jerks 
with the string action current from quadriceps, while that of gastrocnemius 
averaged 8-6 a. It will be seen, therefore, that there was sufficient time 
for the efferent volley of the tendon jerk in quadriceps to set up some 
afferent discharge in the muscle which would cause inhibition of the units 
for gastrocnemius. The earliest computed time for cessation of action- 
currents in gastrocnemius (assuming that the wave in each case travels as 
rapidly as do the volleys of the tendon jerk) is some 16 a after the tap on 
the tendon of quadriceps. 

It seems certain, therefore, that the silent period of the tendon jerk and 
the break shock to the ventral root is a reflected inhibition from the excitation 
of the muscle. Though a great many records have been made, it has never 
once been seen to occur when no efferent volley occurred, and it must be the 
efferent volley which sets up the return inhibitory afferent volley. A tendon 
tap whioh does not cause a jerk efferent volley never causes a silent period. 

The silent period is seen in the tendon jerks of the spinal animal, and the 
14 hump ” is evident, especially in the extensors of the dog after section of 
the cord some months previously. In the decapitate cat a tap upon the 
tendon of tibialis anticus (flexor) often elicits a jerk of a latency averaging 
8*6 a and often showing a small action-current preceding a small 44 hump ” 
on the decline. These tendon jerks never produce an accompanying jerk 
in gastrocnemius or soleus unless the mechanical tap be sufficient to cause 
a direct jerk in these muscles. It was found, however, that a tap upon the 
tendon of gastrocnemius in the decapitate preparation, besides causing a jerk 
with a 44 hump ” in that muscle itself, often caused a small jerk-like twitch 
in tibialis anticus, of a latency constantly very long (22*7 a from the onset 
of the tap in gastrocnemius, fig. 21), and it is thought that this disturbance 
is the reciprocal of the onset of the silent period in the extensor where the 
jerk is taking place. 

The flexor in the decerebrate animal shows a short but definite silent period, 
which can abolish volleys in a flexor excitation and is well marked in after- 
discharge (fig. 22). It will be remarked that the efferent volley in this case 
is muoh larger when the tap occurs upon a background of flexor excitation 
than when it occurs alone, and this means undoubtedly that the flexor 
afferents which convey impulses tending to excite the same muscle overlap 
among themselves much less than do the extensor afferents of similar type. 
This means that these flexor-exciting proprioceptive afferents can exert their 
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effect much more readily with an excitation summation already proceeding 
at the motoneurones. Since the efferent volley is then larger, the silent 
period of the flexor jerk is then also larger. 

Tn the decerebrate cat a tendon jerk which sets up clonus (fig. 23) differs 
from the tonic tendon jerk only in the synchronous nature of the wave which 
normally causes the “ hump,” and this synchronous wave is then in turn 
followed by a silent period and another synchronous recovery. The succeeding 
beat here, as in the case with the “ hump ” of the ordinary jerk, is not caused by 
the relaxation of the mechanical contraction, for if the example shown in fig. 23 
be carefully examined, the first donio beat has its action-current beginning 
exactly at the angle of the jerk, and so also the 3rd, 4th and 5th action- 
currents, while the 6th appears 2-8 a before the angle of the preceding 
mechanical response, and the 7th 6 • 1 a before the angle. The time of occurrence 
of these succeeding volleyB is dependent upon the co-existing degree of tonio- 
stretoh reflex, in the same way that the “ hump ” of the tonio tendon jerk occurs 
earlier when the co-existing stretch reflex is greater. 

Discussion. 

The evidence which is presented suggests that any motor discharge whioh 
ocours at approximately the same time in a sufficient number of motor fibres 
sets up a return afferent influence, which has a deep inhibitory effect over all 
the motor units of the muscle concerned and a slight inhibitory effeot over the 
units of muscles of related function, and also in the case of extensors a tendency 
to excite the units of the opposing flexor. There must be, therefore, an afferent 
end organ in muscle which can appreciate excitation of muscle. Since the 
discharge of all other units has ceased by the time the action-current of the 
excitation causing the inhibition has itself reached complete equilibrium, it 
follows that either the inhibition is extremely rapid in origin and effeot, or 
else that the action-current causing the disturbance has left all the motor units 
in a refractory state with which the inhibition overlaps. Since in the oase 
of break-shock excitation of one ventral root supplying the muscle the latter 
is certainly not the case, and there is good reason to believe that the tendon 
jerk efferent volley involves only a fraction of the motor units, the former 
seems the only possible explanation. 

The end organ which subserves the appreciation of muscle excitation must 
therefore be capable of appreciating the onset of the electrical wave whioh 
precedes contraction, and must be provided with an afferent fibre whioh can 
conduct very rapidly. There is such an end organ in theannulospiral ending 
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of Ruffini—the broad ribboned end of an afferent fibre which is among the 
largest of nerve fibres, applied in such a manner as to embrace the greatest 
possible surface of a muscle fibre. The muscle fibre under the annulospiral 
ending is specialised to a degree, often appearing as a mass of nuclei separated 
from the nerve ending by a membrane whioh is extremely thin. The afferent 
nature of the ending was proved by Sherrington (22), and the muscle fibre 
has been shown by Boeke (3) and Hinaey (15) by degeneration experiments 
to possess a motor nerve ending. Such is the main ending of the muscle 
spindle; whether the remaining endings in the muscle spindle are of similar 
function it is impossible to deduce at the present. 

The end organ for the appreciation of tension, whether active or passive, 
is seen as the tendon organ of Golgi, supplied by a similar large afferent fibre 
and scattered under the aponeuroses of insertion. As Ruffini (21) showed, 
the fibre innervating the tendon organ often supplies a modified Pacini corpuscle, 
and so the reflex significance of the two would appear to be the same. 

Adrian and Zottermann (1) described the discharge in the afferent fibres in 
the nerve to the M. sterno-cutaneus of the frog resulting from stretch of the 
muscle, and succeeded in isolating one muscle end organ responding to stretch 
tension. If the present deductions arc true, then a simple muscle spindle 
should respond only to muscle excitation and not to stretoh, and therefore it 
seems possible that the end organ responding thus to stretch is of the primitive 
tendon afferent type, of which, according to the drawing of Kolliker (19), 
there are at least four in that muscle. 

It seems likely that the individual afferent fibres from a given muscle overlap 
with one another in their representation at any one motoneurons of that muscle 
in the same way that different afferent nerves overlap in their effects or occlude 
eaoh other upon a group of motoneurones accessible to them all. By this it is 
meant that any one afferent fibre, from a tendon organ for instance, by branch* 
ing can affect all the motoneurones for that muscle. Some it can affect more 
than others, and it is fairly certain that by one impulse alone it can discharge 
none of them. This is apparent when it is considered that the tap whxoh 
elicits the tendon jerk does so in virtue of its synchronous discharge of all 
tension afferents. In an acute spinal preparation a maintained stretch produces 
no wuMTitniTiBd stretch reflex, and yet there is no reason why the tension end 
organs should be more adaptable in a spinal animal than in a decerebrate 
preparation. But if the discharge be a synchronous one, such as is caused by 
a sharp tendon tap, then eaoh can summate with the other before central 
dispersion occurs, and the tendon jerk results. This is especially the case 
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when a tap upon the table, oauaing but a faint jar of the muscle, must act only 
by throwing all the tendon organs into discharge at the same instant (figs. 4 
and 0) and the efferent volley of the “ jerk ” ensues. 

So, too, the muscle spindles which sample the efferent discharge throughout 
the muscle can completely inhibit the motor centre if a sufficient number of 
them discharge in synchronism, and this is determined only by an efferent motor 
wave of sufficient synchronism in a sufficient number of units. Thus it happens 
that a tendon jerk by its synchronous efferent volley determines the appearance 
of the silent period, which is only the effect of the resulting synchronous inhibi¬ 
tory volley. The muscle spindles, however, must keep up their asynchronous 
discharge during any asynchronous efferent discharge, and their effect then, 
although not sufficient to cause oomplete inhibition of all units at any one 
moment, yet will summate algebraically with the state of excitation at any one 
locus. The sum total of the effect should therefore he a damping of the 
discharge at the motor units and a resulting slow, relatively non-fatigable, 
rate of discharge, unless the excitation at the unit completely overwhelms the 
inhibition. The transition from synchronous to asynchronous discharge is well 
Been in the transition from clonus to tonic posture after the tendon jerk in 
fig. 23. 

This conception, of the nature of the tendon jerk involves the consideration of 
the tendon jerk as a single efferent volley (always slightly asynchronous, and 
more so in the spinal preparation). Fig. 24 Bhows how asynchronous the 
efferent volley of the decerebrate jerk may become. In quadriceps the relative 
durations of tendon jerks cannot be relied upon for information as to the number 
of volleys in the jerk, because the duration varies according to the fibres in 
which it occurs. The tendon jerk in soleus in the decerebrate preparation is 
certainly never more than one impulse for one tap, and the effects of two suc¬ 
cessive taps are two impulses only if the two taps are mare than 100 a apart, 
a value which corresponds with the “ refractory period " of the tendon jerk 
found by Dodge (8), Golla and Hettwer (14). Hoffmann (17), and Strughold (29). 

The silent period follows the twitch produced by a break shook to the intact 
muscle nerve, being then the result of direct stimulation of the inhibitory 
afierenta overlapping with the true refractory period. This type of silent period 
has been described by Hoffmann (16) as the refractory period of the centre. 
The conception presented in this paper further entails that the rate of clonus 
is the true rate of discharge of the motor unit under those conditions and 
represents the rate of discharge in any particular unit in a tonio contraction 
of the same tension in the same muscle. (The rate of discharge in flexors, 
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being leas damped, is considerably higher.) Farther evidence for these 
rates of discharge from more direct sources -will be dealt with in a later 
communication. 

The lengthening reaction appears to be due to the reperoussed inhibition 
from the muscle spindles, ensuing upon the increased excitation predominating 
during the first part of the applied stretch, and the shortening reaction the 
reassertion of the tendon excitation, after the accumulated inhibition from dis¬ 
charge at a greater rate (at the foraier greater length) had passed off. It is 
interesting in this connection that in preparations which show a silent period 
easily transmitted from one extensor to another, a stretch of one of these 
extensors evoking in it a stretch reflex and then a lengthening reaction, causes 
partial or even complete inhibition of a stretch reflex present in another. 
Although it was not looked for (these preparations had the opposite limb 
immobilised) the crossed extensor contraction of Phillipson would have occurred 
at the same time. Sherrington (23) deduced the presence of such an inhibition 
when he first described the lengthening and shortening reactions. 

Since the silent period can be broken down by excitation most easily at its 
latter end and is found most intchse in its early part, there is reason to believe 
that one wave of excitation produces only one afferent wave of inhibiting 
impulses with a most intense effect upon its arrival. This means that in the 
ordinary condition of reflex posture a continuous stream of impulses at fairly 
high rate is coming from the tension end organ and two series at relatively alow 
rate are occurring, ono of them proceeding down the motor nerve fibres and 
the other proceeding up the afferent fibres from the muscle spindles. From 
the rapid diminution in duration of the silent period caused by excitation of 
the motor fibreB at a high rate of repetitive stimulus, it would seem that the 
muBcle spindle is relatively rapidly adapted t.o (or fatigued by) a rate of excita¬ 
tion which is more rapid than usual, and this is probably the reason for the 
involuntary tonic abduction of the arm after long-continued forceful effort at 
producing abduction (“ Katatonischcr Versuch ” of Kohnstamm (18)). 

If the deductions concerning the function of the muscle Bpindlc made here 
are true, then the observation of Byrnes (5) that in paralysis agitans the muscle 
spindles of affected muscles are degenerated while the tendon organs are intact, 
accounts for the rigidity occurring m that disease, for then the motor units 
are undamped in their discharge when excited from any source. The rigidity 
could therefore be due to a peripheral selective effect with local action, and no 
other pathological alteration need have any effect in this connection. 
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Summary 0 / Conclusions. 

1. The complete absence of action-currents daring the tendon jerk is due 
to an inhibition caused by the excitation wave of the jerk. 

2. The appearance of this silent period ie probably merely the effect of the 
synchronism of inhibitory impulses which in normal circumstances of discharge, 
other than clonus, are asynchronous. This proprioceptive inhibition is a sequel 
to any excitation of the musole. 

3. The muscle spindles are regarded as the end organs in which the inhibitory 
impulses are set up, and the tendon organs of Golgi as the organs which appre¬ 
ciate tension, whether passive or active. 

I wish to express my gratitude to the Christopher Welch Trustees for grants 
in aid of photographic expenses, and to the Medical Research Council for a 
personal grant. 
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DESCRIPTION OF FLAXES 

All figures read from left to right In reoards from a single myograph an upward 
movement in dic a t es a nse in tension (contraction) a downward movement means a 
fall in tension (relaxation) Where two myograpbi are recording together the upper 
tracing moves downward for contraction, and upward for relaxation while the lower 
myegtaph moves as usual The sharp peak in the myograph record Is the record of the 
tap upon the muscle tendon and is the direct result of the sudden rise sad fall of tension 
produced by the impact of the tap The vertical strokes at the top of each record are 
produced by the spokes of the tune marker (Rayleigh wheel) and occur at 1/60 second 
intervals each 1/10 seoond being stremed by a slightly thicker spoke In all the 
prepa r at i o n s called decerebrate the plane of brain stem section is interoollioular 

Plats 7 

Pro 1—M Vastus Intarnus and Cruieus together recording on one myograph Decerebrate 
preparation Tape upon the tendon during a slight stretch reflex The leads for the 
galvanometer string near the tune marker lines are in orureus The action currents 
below the base line are led from vast is mternus Remainder of M Quadnoepe 
resected. 

Fro 2 —M Quadnoepe Decerebrate preparation The rapid component of this muscle 
was much more rapid than usual and the tendon jerk was only 24 <r m duration 
The record in 6 is at higher tension than a (within the critical clonic tension) and 
shows the drop during the silent period more olearly 
Fro 3 —M. Gastrocnemius Deoerebrate preparation Tap upon the tendon during a 
slight degree of stretch reflex Note the well marked hump Tension scale as 
in fig 1 

Fro 4 —The same gastrocnemius as in 3 at a greater length Tap is upon the table and 
the effect is a faint jar to the tendon (throwing all the tension afferent impulses into 
phase at that moment) 

Fra 6 —The same muscle at a still greater length Tension scale as in fig 4 
Fro 0—M Gastrocnemi is trom another decerebrate preparation Showing a degree 
of atretoh reflex which m this preparation left the tendon jerk only as a very small 
volley indeed Tap on the tendon lens ion s ale as in fig 1 

Fro 7—M Sole us Deoerebrate preparation lap on tendon Tension soak as in 

fig 1 

Fro 8—The same as fig 7 but the in tial BtretoU reflex background moreaaed by increasing 
the length of the muscle Tension a ale as in fig 1 
Fro 9 —As fig 8 length still greater tension scale as in fig 1 
Fra 10 —As figs 8 and 9 Still greater length Tension scale as m fig 1 
Pro 11 —Taps upon the tendon of soleus before and during an excitation from the peroneal 
nerve of the opposite side and one tap d iring the after discharge Deoerebrate 
preparation Tension soale as m fig 4 

Fro 12 —Taps upon the tend n of soleus luring the plateau of a crossed excitation 
Decerebrate Tension scale as in fig 1 


2 b 2 
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Plati 8. 

Flo. 18. —Quadrioeps. Decerebrate preparation. Tap upon tendon. Tension soak aa fat 
flg. 1. 

Fig. 14.—The ume mmole aa in flg. 13 about two minutes later. By moans ol a spring 
inserted between the hook and the myograph the shortening during contraction is 
much increased. See text. Tension scale as in fig. 1. 

Fxo. 15,—Sole us. Decerebrate preparation. Slight stretch reflex. All norve root* 
(ventral and donal) Intact. A break shook is applied to the seventh lumbar ventral 
root in A. In B is a tendon jerk at the same reflex tension a few seconds later. 

Fia. 10.—The same mmole m in fig. 15 and the same procedure, but the effect is compared 
at higher initial tensions of stretch reflex. Tension scale aa in fig. 15. 

Fia. 17.—M. Soleus. Completely deaflerented for four days. Excitation of the crossed 
sciatic oauses the background discharge. A break shook to the small nerve to soleua 
occurs at the fall of the signal. Tension soale aa in flg* 4. 

Fig. 18.—The san» aa flg. 17, but the break shook falls later when the crossed excitation 
is reaching its full development. Tension scale as in fig. 4. 

Fro. 19a.— The same as figs. 17 and 18. No crossed excitation and the control of the 
break shock effect alone is seen. 

Fig. 19b. —As in fig. 18, but taps upon the tendon. Tension soale aa in fig. 4. 

Fig, 20. —Below is the 'myograph tracing of M. Gastrocnemius in tonic stretch reflex 
contraction with the accompanying action-current record. Above is the myograph 
record of M. Quadriceps (pulling round the patellar groove). A tap upon the tendon 
of quadriceps cause* in it a Jerk and in gastrocnemius a cessation of action-currents. 
Decerebrate preparation. 

Fia. 21.—M. Gastrocnemius and Soleus above. M. Tibialis Anticus below. Each has 
with it a galvanometer string recording its action currents. A tendon jerk in the 
extensor causes a delayed twitch in the flexor. Decapitate preparation. 

Fig. 22. — M. Tibialis Anticus. Decerebrate preparation. Taps upon the tendon during 
the course of a flexion reflex. 

Fig. 23.—M. Quadrioeps. A tap upon the tendon sots up a clomo jerk. Decerebrate 
preparation. Tension scale aa in fig. 1. 

Fto. 24.—M. Soleus. Decerebrate preparation. Taps upon the tendon during a Btretoh 
reflex. Note the two small action-currents of the first jerk and compare them with 
the single large action-current of the second jerk. This is the maximum degree of 
^synchronism of the efferent volley seen in decerebrate jerks, and it is reasonable ta 
assume from the small size of each member of the small double volley that each 
muscle fibre still receives but one impulse. Tension scale sa in flg. 1. 
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The Anatomy and Phylogeny of Spondylus, with a particular reference 
to the LameUibranch Nervous System. 

By William John Dakin, D.Sc., F.Z.S., Professor of Zoology, University of 

Liverpool.* 

(Communicated by Prof. E. W. McBride, F.R.8.—Received June 16,1928.) 

A study of the anatomy of the rather rare LameUibranch, Spondylus, has 
always attracted the author, owing to the fact that at a comparatively early 
date the striking resemblance between the eyes of this creature and the 
remarkable eyes of the genus Pecten had been noted. In structure the eyes of 
Pecten stand practically alone amongst invertebrate visual organs, and since, 
by reason of their complexity as well as number, their evolution has been 
associated with the faculty of swimming, it was a matter of considerable interest 
to determine the relationships of Pecten with Spondylus, for whilst Pecten 
can swim, Spondylus lives attached to rocks. 

The investigation was made purely from the above view-point, and hence 
minute details of histology, etc., have not been given. Resemblances to 
Pecten were expected. One very unexpected morphological anomaly turned 
up, however; and in the midst of a remarkable agreement with the genus 
Pecten, one system, the nervous system, presented a condition altogether 
unique amongst Lamollibranchs. To obviate repetition, reference should be 
made to an account of the anatomy of the genus Pecten by the author (Dakin, 
1909) and also to a paper, following this, which deals with the eye. 

As pointed out by Ridewood (1903), the Lamellibranchiata have ever been 
a most troublesome group to classify ; witness the inadequacy of differences 
in such features as the shell, hinge, teeth, ligament, pallial sinus, siphons, 
adductor muscles, etc., all of which have been utilised in attempts at classi¬ 
fication. Ridewood adopted, with some modifications dependent on his own 
extensive work, the classification of Pelseneer, based largely upon the gill 
characters. In this scheme there is a sub-order, Pectinacea (the Order Eleuthe- 
rorhabda, to which it belongs, is characterised by gill filaments arranged on 
the two sides of the gill axis; adjacent filaments are held in position by stiff 
cilia disposed in patches), which contains the families Spondylidn, Pectinid©, 
and Aviculidn. The two genera Spondylus and Pecten are therefore closely 

* The author wishes to express his thanks to the Authorities of the Natural 
History Museum for permission to examine material, and also to the American Natural 
History Museum, Washington, for gift of a rare specimen. 
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associated, but Amussium is not even pnt in the same sub-order. The older 
grouping of Felseneer, in which the genera Amussium, Spondylus, Pecten, 
Cttamys and Pedum are all brought close together, is nearer the truth, but 
even here Spondylus is placed in a different family from Pecten, a feature which 
seems rather unnecessary. 

The shell of Spondylus is very different from that of Pecten. It is well known, 
some long-spined species of great beauty having been particularly favoured by 
shell collectors in the past. Other species are more coarse, rough, and with 
shorter spines. The valves are usually heavier than thoBe of Pecten, inequivalve 
—one projecting considerably dorsal to the hinge line in a very characteristic 
manner, and frequently one valve is much flatter than tho other. In 
S. geederopus, from the Mediterranean, one valve is definitely flat, the other 
convex. In S. Americana both valves are convex. 

Now it is worthy of note (for reasons to be given later) that the flat valve, 
which is the right one in S. geederopus, is the attached valve. Pecten maximus 
has one valve very convex, whilst the other is quite flat; but the animal 
always rests on the convex valve. At a first glance, therefore, the two shells 
are not only rather unlike, but the orientation of the creatures appears different. 
The innate identity is realised, however, when one finds that, notwithstanding 
such diversities in valve shape, all the species of the two genera examined tend 
to rest on the same valve—the right. 

Again, the convex right valve of Pecten maximus actually overlaps the flat 
left valve by inch; we have noted above that the flat right valve of 
Spondylus greatly overlaps the left valve. We have two points indicating 
fundamental resemblances in orientation to put against differences in shell 
form. These resemblances become of greater importance when one remembers 
that there is no rule in the Lamellibranchiata regarding the orientation, and 
that in one genus the right valve may overlap tho left whilst in another it is 
the left valve which is the larger. In fixed species the fixed valve may be the 
right valve or the left. 


Mantle and General Organisation. 

With the removal of one of the valves, the resemblance between the animals, 
Spondylus (fig. 1) and Pecten, is seen at a glance. There is the same single 
and large adductor muscle situated centrally and obviously made up of two 
parts (histologioally different, fig. 1, M.S. and M.N.) and the same type of 
mantle, the edge of which is so characteristic in the genus Pecten, where it is 
closely correlated with the power of swimming. 
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The Mantle consists of a pair of thin transparent sheets of tissue bordered 
by a much thickened muscular edge. The two mantle lobes are attached 
at the hinge line and free everywhere else, except that the inner layers are 
confluent a short distance before the hinge line is reached anteriorly and 



Fig. 1 .—Upondylmt g coder opus. View of right side after removal of right valve of shell. 
Dig. 0., Digestive Gland; M.N., Non-stnatod muscle; M.S., Striated muscle; Pall. 
M., Pallial muscles ; Pall. N., Pallia! nerves. 


posteriorly. This means that there arc no siphons, no fusions of the mantle 
edge to form inhalant and exhalant apertures, nor any other feature to mark 
a difference between the anterior and posterior regions. The mantle edge 
reaches its greatest thickness midventrally, and from this point there is a 
gradual diminution towards the hinge line. 
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The tree margin of the mantle presents two well-defined folds; in fact, in 
section it is Y-shaped. The outermost fold is subdivided, in so far as it bears 

tentacles indifferent rows and also a groove 
from which the Periostracum is secreted. 
The eyes are borne on this outer fold, on 
its inner side—see diagram fig. 2—and as 
in Pectin they are largest ventrally and 
become very small as the hinge line is 
approached. The innermost fold forms a 
muscular flap, the Velum. In Pectin the 
velum, together with the adductor muscle, 
is responsible for swimming. This function 
is not performed in Spondylua although the 
velum is almost equally well developed. 
There is one small point of difference 
between the two. Tha edge of the velum bears small tentacles in Pectin , bo 
that when the shell is opened widely the two “ velums " lie with their free 
edges just touohing and the tentacles of each touch or intercross. In 
Spondyhta no tentacles have been seen on the free edge of the velum in 
any of the species examined. 

The Pollied Musculature. 

The most important muscles of the mantle are the radial and circular 
muscles of the mantle edge. The circular muscles lie chiefly in the velum. 
The radial muscles (fig. 1 , Pall. M.) attach the mantle margins to the shell 
valves, and are responsible not only for the general retraction of the mantle 
when the shell valves are closed, but also for its local movements. 

The arrangement of the radial fibres is practically the same as in Pectin. 
They are beautifully fitted for the requirements, and to this end comprise 
strands whose course is practically perpendicular to the mantle edge and 
others which run diagonally across the former. The angle of the diagonal 
muscles changes somewhat as the hinge line is reached (see fig. 1). 
There is a tendency for the reproductive organs to invade the mantle in the 
species of Spondylus examined. This was most marked in a very old spirit 
speoimen, which had evidently been taken when the animal was mature. 
All my other specimens had been captured when the gonads were spent, but 
they gave indications of the same condition. The invasion is not at all 
extensive. 



Fio. 2.—Diagram of section through 
edge of mantle of Spondylv*. 
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Fig. 3.— Sponiylut gaitrojnu. View of right side after removal of right mantle lobe. Ct., Ctetudium; Dig., 
Digestive gland; F., Foot; Ht., Heart; Int., Intestine; K., Kidney; Lip., Lip; L.P., Labial palp j 
M., Mantle; M.N., Non-striated muscle; M.S., Striated muscle j R., Rectum; V., Velum. 
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The Adductor Muscle. 

As in Pecten, one might describe the organs of Spondylus as slung round the 
single large adductor muscle, which runs across from one valve to the other 
—eccentrically. It is situated nearer to the posterior margin of the shell. 
In consequence of this position there is most space left on the dorsal and on 
the anterior side of the muscle, and it is here that one finds the digestive 
gland and the visceral mass. 

One can see at a glanoe that, as in Pecten, the adduotor muscle consists 
of two parts. These are distinct in both fresh and preserved specimens. The 
line dividing the two parts runs obliquely, as indicated in the figures, so that 
one many speak of an anterior and a posterior portion. The fibres of the 
posterior part (figs. 1 and 3, M.N.) are more opaque—white in fresh specimens 
—whilst the anterior part is semi-translucent. The interesting feature of the 
“ bipartite ” composition of the adduotor musole has already been described 
in detail for the genus Pecten. The translucent fibres are oross-stnped, and 
are alone responsible for the rhythmical contractions which close the valves 
and make swimming possible. The white opaque fibres do not contraot 
rhythmically, and when the muscle is cut away from the shell they remain 
in a tonic state and are shorter than the other fibres, which are easily excited 
by contact. The opaque fibres arc responsible for the sustained closure of 
the shell valves. 

Now, just as the eyes and mantle edge of Spondylus reveal the ancestry of 
Pecten, so does the adductor muscle. So far as I am aware, no Spondylus 
swims in the adult stages, yet the adductor muscle still presents the two 
separately specialised sorts of fibres. But there is this interesting point of 
difference. In Spondylus, the volume of the white opaque fibres is relatively 
greater than that of the translucent fibres when compared with species of 
Pecten The sectional area in S. amertcana, for example, is about one-half 
that of the translucent portion. In P. maximus the area of the opaque fibres 
is only about a quarter that of the translucent fibres. 

Thus the long period during which Sptiniyl/us has given up its swimming 
habits has been accompanied by a relative increase in that part of the adductor 
which is responsible for the ordinary shell closure in Pecten, or, putting it the 
other way, by a decrease of the muscle fibres responsible for rhythmic contrac¬ 
tions in that genus. The translucent striped fibres are, however, not only 
still present, but the volume of this kind of muscle still 'exceeds that of the 
unstriped fibres. There are apparently no histological differences between 
the striped fibres of the two genera. 
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The large central adduotor muscle of Spondylus and Pecten corresponds to 
the posterior adduotor of those Lamellibranoha possessing two. The anterior 
has completely disappeared in the adult Pecten (although present in the early 
embryo) and it is altogether absent in adult Spondylus also. 

Retractor Muscles. 

Usually one finds retractor muscles (four in the majority of Lamellibranoha) 
attached to the foot. In Pecten the foot is very small and the retractor muscles 
have been reduced to one: this retractor is the left posterior. Now, it is 
interesting that even within the genus Pecten signs of still further reduction of 
this retraotor are to be found, for whilst it is moderately developed in P. 
opercularis, it is vestigial in P. maximus. 

In Spondylus all the retractors are missing. This fits in exactly with what 
might be expected if one assumes that Spondylus has evolved from Pecten, 
and that P. maximus represents one of the end types in the line of evolution 
in the Peotinid®. We shall see that the structure of Spondylus can be inter¬ 
preted perfectly on this hypothesis. 

Instead of retractor muscles proper, there are considerable developments 
of muscle fibres in the tissue of the visceral mass between the foot and the 
sides of the body and the lips. These muscles run into the mantle 

The Foot (fig. 3) is a small organ situated in the same position as in Pecten, 
very high up on the anterior surface of the visceral mass. One often assumes 
that this small structure is ,a rather rudimentary organ. The free end, 
however, negatives this. It is sucker-like, widely expanded, and possesses 
a peculiar grooved surface. Sections indicate that it has a most extensive 
nerve Bupply. Whether these nerves are necessary for the intrinsic muscle 
fibres of the foot, or whether sensory endings are present in numbers in the 
epithelium, it is impossible to say at present. It would appear, however, that 
the foot performs actively Borne functions, possibly that of cleaning the gills* 
or as an aid in nutrition Sections failed to reveal any signs of byBsal gland 
in the depths of the foot, and one must therefore conclude that again in this 
feature Spondylus has evolved a stage further along the line already indicated 
by the different species of Pecten. 

The pedal ganglia are situated at the baso of the foot; statooysts, as they 
should be called, often present iu the foot, are situated as in Pecten, outside 
the foot, between its base and the mouth region (see later). 
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Ctenidia. 

The Gill* or Ctenidia (fig. 3, Cl.), structures which have played a very 
important role in the classification of the Lamellibranohiata, are very con¬ 
spicuous organs. Like the gills of Pecten they are slung round the adductor 
muscle. Each ctenidium consists of a supporting ctenidial axis, from which 
depend the two lamellae of filaments. The ctenidium is plicate and hetero- 
rhabdic, exactly like the ctenidium of Pecten, and so far as morphology and 
histology is concerned there is close similarity again between the two genera. 
For example, the principal filaments of Pecten bear a curious expansion, which 
the author called a Respiratory Expansion. It is a plate of tissue with blood 
vessels running in its margins, and with the intervening surface thrown into 
folds. The same structure exactly is found on the principal filaments of 
Spondylus. 

The “gills” of Lamellibranchs are primarily organs for producing 
currents which subserve both respiration and nutrition. The mantle lobeB 
are highly vascular, 'and are the most important respiratory organs. It is 
difficult, however, to understand how the ctenidia can be refused all participa¬ 
tion m the function of respiration, as has lately been asserted. At all events, 
in Pecten and Spondylus parts of the ctenidia are certainly likely to function 
in this manner. There are some slight differences between the ctenidia of 
Pecten and Spondylus, but they are very minor points, and so far as can be 
seen differences of the same type exist between species of Pecten. 

The Alimentary Canal and the Digestive Gland. 

The alimentary canal of Spondylus is comparatively simple in form and closely 
resembles that of Pecten. The mouth opening is hidden, in the characteristic 
manner seen in Pecten, by the convoluted margins of the Ups (fig. 3, Lip) and 
their entanglement. Thus, by the interlocking of the upper and lower lips, 
the entrance to the mouth is reduced to numerous fine passages The margins 
of the bps are pigmented with the same orange yellow pigment so characteristic 
of this region in Pecten. The Labial Palps, which are continuations of the 
lips, are rectangular in shape, with the long side at right angles to the 
direction of the numerous typical grooves. Details of their cihation have 
not been worked out. 

From the mouth a short oesophagus leads into the “ stomach,” which is 
situated in the midst of the digestive gland. This occupies a position 
between the adductor muscle and the hinge line, and extends down the visoeral 
mass towards the foot. The intestine (fig. 3) passes through the digestive 
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gland ventrally, and then through the visceral mass to its extreme tip (as 
in Pecten maximus in contradistinction to P. operations). It then bends 
abruptly, and returns as an ascending limb dose to the adductor muscle, 
{dunging through the digestive gland and leaving it to traverse the pericardium 
and heart in the manner characteristic of so many Lamellibranchs. No other 
coiling of the alimentary canal is present, and there is no separate sac for the 
crystalline style. 


Nervous System. 

Up to this point the anatomical features indicate the dose relationship of 
Pecten and Spondylus, and, coupled with certain palaeontological data, make it 
extremely probable that Spondylus arose from Pecten ancestors. The nervous 
system, however, presents a real surprise, inasmuch as it breaks away from the 
general type seen in Lamellibranchs. At the same time, even this can be 
explained if we derive it from Pecten A diagram of the nervous system of 
Spondylus, as seen from a point opposite the foot and thus in the middle line, 
is given in fig. 4. The usual three iamellibranch ganglia arc present—the 
visceral, the pedal and the cerebral. The visceral ganglia are fused to form a 
complex ganglion which is very like that of Pecten (sec figs. 5 and 6). It lies 
on the adductor muscle just beneath the extreme end of the visceral mass. 
The complications and the remarkable development of this ganglion have not 
been generally recognised. Fig. 6 is founded on one of the illustrations in a 
paper by the present author (Dakin, 1910). 

The pedal ganglia are easily found as a pair, close together at the base of 
the foot, and embedded in connective tissue. The cerebral ganglia are not 
easily seen. They actually he at the angle of the labial palp and the lips. To 
make their observation more difficult they are embedded in oonneotive tissue. 

The startling feature of the nervous system is obvious at a glance. The 
two pedal ganglia are connected to the visceral ganglia. Furthermore, there are 
no distinct connectives between the cerebral and pedal ganglia. When the author 
first saw the nerve on each aide running from the pedal ganglion to the visceral 
he jumped to the conclusion that the former ganglia could not be the pedal at 
all, beoause such a connection would be unique in Lamellibranchiata. 

Had such a thing occurred in Teredo or some other more or less highly 
modified form it would not have been surprising. To meet it in an animal 
with such close agreements with Pecten was at first disconcerting. In all 
Lamellibranchs so far studied (and the nervous system is very well known) 
the rule is to find a pair of cerebral ganglia connected to a pair of pedal ganglia 
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and also connected to a pair of visceral ganglia. This state of affairs is 
illustrated in the diagram of the nervous system of Peetm (fig. 6). It is 



Fio. 4. —Diagram of Nervous System of Spondylus. A. palLn., Anterior pallial nerve, 
AdcLM., Adductor muscle; Br.n., Branchial nerve; C.V.Con., Cerebro-visoeral 
connective; Cer. G., Cerebral Gangbon; Cir. palL, Ciroum-pallial nerve; M., 
Mouth ; P.G., Pedal Ganglion; P.V.C , Pedo-visoeral connectives; Pall, a,, Pallial 
nerves ; St., Statocyst; Via. G., Visceral Ganglion. 

perfectly well known to all students who study Anodon as a class type and 
complete their studies later with other typical Lamellibranohs. 

There can be no doubt about this extraordinary state of affairs in Spondylus. 
The author has dissected out the pedo-visceral connective in an American 
species as well as in a considerable number of specimens of the Mediterranean 
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form, 8. gaderopus. Moreover, this connection between the pedal and viaoeral 
has actually been seen once before, but the observer gave no figures, made 



mistakes in regard to the rest of the nervous system, and misinterpreted the 
part which was seen (d’Hardiviller, 1893). To obviate any source of error, the 
present writer cut out from three specimens the whole of the visceral mass, 
from above the lips down to a point below the foot and extending right across 
the visceral mass transversely. Serial sections were out completely through 
these blocks. It is from these serial sections that the figure (fig. 4) has been 
constructed. It indicates that in Spondylus there are two cerebral ganglia 
at the sides of the mouth, which are connected by a commissure and by 
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connectives with the visoeral ganglion. There are also two ganglia in the 
foot base, which are connected with the visoeral ganglion by nerves which 



Fin. 0. — Visceral Ganglion of Peeten maximtts. Acc. G„ Accessory Ganglion, Br. N.. 
Branchial Nerve; Cer. Vis. Con., Cerebro-visoeral Connective; Lat. L., Lateral 
Lobe ; Os'., Oh" , Oh'"., Osphradial Nerves 5 Pall. N., Palllal Nerves; P. Pall. N., 
Posterior Palllal Nerves j V.C.L., Ventro-oentral Lobe. 

eventually enter this ganglion parallel to and in close juxtaposition with the 
cerebro-visceral connectives. These ganglia supplying the foot correspond 
to the pedal ganglia of other Lamellibranchs, although, as indicated below, the 
author believes that a little more than the pedal may possibly be represented 
by them. 

Small nerves are given off from the cerebral ganglia (which ganglia are not 
large, but are very extended laterally, ganglion cells occurring along a nerve 
from which numerous branches go to the labial palps) to the mouth, lips, 
surrounding regions, and also to the digestive gland. The pedal ganglia 
are well developed and give off such a number of nerve branches into the foot 
that it is difficult to see how this organ can be regarded as rudimentary. Its 
tip is evidently highly sensitive. 
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There are no separate cerebro-pedal connectives of the usual type. This 
is unique, and since d’Haidiviller stated that he saw them, the present writer 
searched carefully through three series of sections for them. Any nerve of the 
thickness just visible in dissections would have been unmistakable in microscope 
sections. No such nerve was to be found. The result of the examination of 
the serial sections was, however, to find the two Btatoqysts, both completely 
enclosed vesicles (no aperture to the exterior remaining). The nerves from 
the statocysts were exceedingly minute and only to be followed with great 
difficulty in the serial sections. Their course is naturally of great interest, 
for, if oerebro-pedal connectives had been present, these nerves would most 
likely have connected up with them. Instead of that, the statocyst nerves, 
after a rather long course, run into the cerebro-visceral connectives. 

It is not possible to deny altogether the passage of nerve fibres from the 
cerebral to the pedal ganglia other than by the long path through the viscera) 
ganglion, because extremely fine nerve branches, consisting of a few fibres only, 
are to be found with the microscope here and there in the visceral mass. It 
is unlikely that such a connection exists, but in any case typical cerebro-pcdal 
connectives are absent. 

The visceral ganglion (fig. 7) is, like that of Pecten, a most unusual structure 
to find in the Lamelhbranchs, where the ganglia are as a rule rather simple 
masses. It might be termed the “ brain ” of the animal, for, from the point 
of view of both size, complexity and functions, it is the controlling centre. 

Looking at the ganglion from the ventral surface one sees a prominent central 
lobe occupying the region of greatest thickness and two lateral crcscentio lobes. 
(It will be seen that fundamentally this is the same as Pecten tnaximus, fig. 6, 
except that in the latter species the ganglion is asymmetrical, a feature which 
may be associated with the asymmetry of the Mollusc.) 

Anteriorly (or perhaps one might better put it, orally) two large nervea leave 
the ganglion on each side. These nerves arise from the central mass and pass 
towards the hinge line on the surface of the adductor muscle just below the 
visceral mass. One of the nerves on each side is the pedo-visceral connective, 
the other is a nerve which splits later on, part going to the cerebral ganglion and 
the other part continuing as the Anterior Pallial nerve to enter the mantle 
margin near the hinge line. 

In Pecten only one large nerve on each side is to be found, the cerebro-visceral 
connective (fig. 6, Cer. Vis. Con.). Between the cerebro-visceral connectives 
as they leave the visceral ganglion are two smaller ganglionic lobes, usually 
pigmented brown. The same region is present in Spondylus. The figure 

vol. cni.— b. 2 o 
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of the visceral ganglion of SpondyUu given in the text is not, however, of such 
accuracy as that o! Pecten. The present research was not oarried out aa a 



Fia. 7.— Vtseeral Ganglion of Spondylm. Acc. G., Accessory Ganglion; Br. N.; Branchial 
Nerve ; C.P.V.O., Corebropallial-viuceral connective; Lat. L., Lateral Lobe; Or. 
Ob'., Osphradiat Nerves ; Pall. N. f Pallial Nerve* ; P. Pall. N., Poeterlor Pallial 
Nerves; Pe. V.C., Pedo-viaoeral connective; V.C.L., Ventro-central Lobe. 


special investigation of the visceral ganglion, and the rarity of the material 
has made matters difficult. The Spondyhu figure is the result of several very 
careful dissections. The Pecten figure resulted from a long study of serial 
sections and dissections. The fundamental features of the ganglion of Spon~ 
iylua are, however, accurately depicted. 

Two other small accessory ganglia remain to be mentioned: they are 
visible in both genera. In Pecten they are connected both with the visceral 
ganglion and also with the branchial nerves. Another branch leaves them for 
the viscera. In Spondylue, the small connection with the branchial nerve 
has not been observed. 

The following nerves leave the visceral ganglion, apart from the oerebro- 
viaoeral connectives (and in Spondylue the pedo-visceral connectives) referred 
to above—the branchial nerves, the osphradial nerves and the pallial nerves. 
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The branchial nerves leave the ganglion in both Peden and Spondylus 
near the point of entry of the cerebro-visceral connectives. 

The oephradial nerves are peculiar and very characteristic. In both genera 
they arise from the face of the ganglion exposed to view and from what is 
apparently the central lobe. As a result each nerve crosses over the lateral 
lobe of its side. A little way from the ganglion it sends a branch into the 
branch ia l nerve and later still branches leave this nerve for the osphradium. 

The pallial nerves of Peden and Spondylus are particularly well represented, 
a fact to be correlated with the highly developed structure, including the eyes, 
tentacles and musculature, of the mantle edges. From the visceral ganglion 
there are posterior pallial nerves and lateral pallial nerves, and in Spondylus 
there is also an anterior pallial nerve, although at its commencement it is not 
distinguishable from the cerebro-visceral connective. All these pallial nerves 
are connected to a circular nerve which runs round in the mantle margins (see 
figs. 4 and 5, Cir. pall.). 

Finally, nerves to the adductor muscle leave the visceral ganglion from the 
surface apposed to the muscle. They cannot be seen in the figures of the 
ganglion. 

The internal structure of this complex ganglion has been described by Dakin 
(1910), and it has been shown that various tracts of fibres can be clearly made 
out in it. Reference should be made to the original paper for details. The 
structure of the lateral lobes of the visceral ganglion deserves mention, however, 
for these bodies appear to be characteristic of Peden and Spondylus. The 
pallial nerves arise from their under surface and although some of the fibres 
of these nerves come from the more central parts of the ganglion and some 
actually from the cerebro-visceral connective, a considerable part comes from 
the lateral lobes. In fact, one may go further, and correlate the lateral lobes 
with the presence of the eyes. This might explain the difference between the 
size of the lobes of the right and left sides in both Peden maximus and P. 
jacobaus, where the eyes are much more numerous on one mantle lobe than 
on the other. 

A Possible Explanation of the Nervous System of Spondylus. 

The question which now re mains is the most interesting. Is it possible to 
explain the unusual features of the nervous system of Spondylus and to bring 
it in line with that of other Lamellibranchs ? In my opinion this is not 
difficult, if the conditions found in Peden be used as the hey. 

If the dia gram of the Peden nervous system (fig. 5) is studied, it will be noted 

2 c 2 
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that the cerebral ganglia are very dose indeed to the pedal ganglia, and at the 
same time some distance away from their more usual position at the sides of 
the mouth. In consequence of this, the cerebral commissure is unusually long, 
and has to travel ‘tome distance to pass over the oesophagus. This feature has 
frequently been pointed out (Pelseneer and others) as rather characteristic of 
Pecten. Now in Spondylua, we must either explain the pedo-visceral connective 
as something new, which has suddenly appeared in this mollusc, which in so 
many other respects is a Pecten, or else we must look for the nerve in Pecten 
itself. 

The clues are, to my mind, provided by the facta that in Spondylua 
(1) the cerebral ganglia are to be found in their normal position at the sides of 
the mouth and reduced in si ze ; (2) a considerable part of the cerebro-visceral 
connective splits off just before reaching the cerebral ganglion and proceeds 
straight on, as an anterior pallial nerve to the mantle, near the hinge line. 
This latter fact points to the conclusion that in Pecten the pallial nerve from 
the cerebral ganglion does not really arise there at all; it only appears to do so 
because its fibres run from the visceral ganglion together with fibres which 
lielong to the cerebral ganglion. 

In Spondylua, however, for some reason or other, there is a tendency for 
nerves to split into their components. If we suppose that the cerebral ganglion 
itself has split (on each side), and that one part has remained with the pedal 
ganglion, whilst the other part has receded to the more normal position at 
the mouth, everything can be clearly explained. Each pedal ganglion would 
then have to be regarded as including part of the cerebral, whilst the cerebral 
ganglion proper would only be part of the ganglion bearing that name 
in Pecten. 

It would then follow quite naturally that the “ pedal ” ganglion of Spondylua 
would be connected with the visceral, for the pedo-visceral connective would 
really be part of the cerebro-visceral connective of Pecten and all other Lamelli- 
branchs. At first, this may seem to be rather difficult to understand, but the 
more one looks into the Lamellibranch system, and the more familiar one is 
with the nervous system of Pecten, the more plausible does it become. 

This is not all however. In the Gastropoda there is a distinct ganglion, 
termed the pleural. This is usually supposed to be part of the cerebral of the 
Lamellibranchiata, and there is strong evidence for such an assumption. (In 
Pecten the cerebral ganglion on each side consists of two obvious lobes.) 
Now in some Gastropods, the pleural remains close to the cerebral ganglion. 
In others, it is situated closer to the pedal, and the pleuro-visceral connective 
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U then almost a nerve from the pedal to the visceral gan glion - It is possible 
that the splitting of the cerebral (or cerebro-pleural) ganglion, which I believe 
has taken place in Spondylus, has left the pleural part of this nerve centre 
attached to the pedal ganglion. What we must call the pedo-visceral connec¬ 
tive of Spondylus is then to be regarded as a strand of nerve fibres represented 
in Pecten and other Lamellibranchs by part of the oerebro-visceral connective. 

One other feature of the Spondylus nervous system remains to be explained. 
There is no typical direct connection (cerebro-pedal connectives) between the 
cerebral ganglia at the lip-mouth angle and the ganglia of the foot. The only 
hypothesis which 1 can suggest is that such a direct connection may be quite 
unnecessary, if part of the cerebral (or the pleural) ganglion is really present 
in this form as part of the large foot ganglion. That is my theory. It supports 
most strongly the suggestions that the cere bro-visceral connective of Pecten 
has split, giving rise to the two connectives of Spondylus; and if Buch were 
not the case, i.e., if the pedo-visceral connective of Spondylus were a new 
thing, a connection not even represented in the Molluscs, then one would also 
have to explain the entire absence of a cerebro-pedal connective. Thus, instead 
of this unique disposition of a Lamellibranch nervous system being a puzzle, 
itjjrovides most interesting evidence for the evolution of the Spondylid®. 

Sense organs. 

The eyes of Spondylus are discussed in the paper following. The other 
sense organs consist of the Osphradia, the Statocyste, the Abdominal Sense 
Organ and sensory cells and free nerve endings on gills, palps, foot and probably 
other parts of the surface of the body. The only organs of this group it is 
necessary to comment upon here are the statooysts. Although very small 
they are both present. This is quite in accordance with the fact that they 
are present in certain other fixed Lamellibranchs. It has been generally 
assumed that, although the Lamellibranch statocysts are often connected to 
the pedal ganglia, or to the cerebro-pedal connectives near the pedal ganglia, 
their nerve supply comes really from the cerebral ganglia. The state of affairs 
in Spondylus lends support to this view, for, had the nerve supply been from 
the pedal ganglia, one might have expected the statocyBt nerves to run directly 
into them. 

The Excretory and Reproductive Organs. 

There is no reason to go into details regarding the structure of these two 
systems. They are not essentially very different morphologically from the 
corresponding organs of Pecten. Unfortunately, all the specimens except one 
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were taken in non-breeding seasons and the gonads were thus in the reduced 
state. They lie in the visceral mass beneath the foot and, as stated previously, 
slightly invade the mantle in the region where they abut on the digestive gland. 
The animals are probably unisexual, but I should not like to be dogmatic 
upon this point. It is worthy of note that some species of Peeten are uni¬ 
sexual ( P . tenuicostatus of America), whilst P. maxima* and P. opermdaris, 
our common English species, are hermaphrodite. 

Conclusion. 

The anatomy of Spondylus has been investigated in order to obtain evidenoe 
of the phytogeny of the genus, with a view to a discussion of the evolution of 
the eyes of Peeten and Spondylus. Jackson, in his classic work on the Phytogeny 
of the Pelecypoda, concluded that Spondylus had been evolved from Peeten. 
This theory was based entirely upon a study of the shell and upon palaeonto¬ 
logical discoveries— Peeten dates at least from Carboniferous times, Spondylus 
from the Triassic beds. The present work has not only shown that the ana¬ 
tomical evidence is overwhelmingly in support of this view, but it has indicated 
the line which has been followed, and shown how the more equivalve species 
of Peeten, like P. opercularis, represent the earlier and more primitive type, and 
that the direction which culminated in Spondylus was that which can be 
seen in the Pectinidse, leading from P. operations through P. jacobtBUs and 
P. maximus. 

The surprising discovery m relation to the nervous system shows that 
Spondylus must be regarded as the extreme of an evolutionary line, which 
probably commenced with the Aviculopectens of Paleozoic times. 

Literature. 

Bukin, W J., 1000. “ Memoir on Peeten,” * Liverpool Murine Biology Committee Memoir 
XVII,’ Liverpool. 

Bakin, W. J., 1010. 11 The visceral ganglion of Peeten, with notes on the physiology of the 
system, etc.,” ‘ Mitt. Zool 8tat. z Neapel,’ Band 20, Heft i. 

Fischer, P., 1887. ' Manuel de Gonehyliologie,’ Paris. 

d'Hardiviller, A., 1803. “ Sur quelques faite qui permSttent de rapprocher le systAme 
nerveiix dee Lamellibranches de oolui des Gasteropoda,” *C. R. Acad, da 8ci.,’ 
T. 117. 

Jackson, R. T. J., 1880. “ Phylogeny of the Pelecypoda,” * Boston Journal of Natural 
History,' New 8or., vol. 4 (1886-1803). 

Rklewood, IV. G-, 1903. “ Gills of Lemellibranchiate," * Phil. Trans.,' B, vol. 196. 



355 


The Eyes of Pecten , Spondylus, Amussium and Allied LameUibranehs, 
with a short Discussion on their Evolution, 

By William John Dakin, D.Sc., Professor of Zoology in the University 

of Liverpool. 

(Communicated by Prof. E. W. McBride, F R.8.—Received June 15, 1928.) 

The eye of Pecten has excited an unusual amount of interest for many 
years, and many 'workers have described its structure. The present author 
devoted a considerable period to the study of its minute histology in 1908, 
and was able to make clear for the first time certain fundamental features in 
the structure of the retina. This work was confirmed in all essential points by 
Kupfer (1916).* 

Several writers have commented upon the resemblances between the eyes of 
Spondylus and Pecten, although with the exception of Hickson’s account of 
the structure of the Spondylus eye and a very brief reference by Hesse, there 
is no paper dealing especially with this genus. There is a general impression, 
too, that Pecten and Spondylus stand alone amongst LameUibranehs m the 
possession of the most complicated tyjie of eye, with two layers of sensory 
ceUs in the retina, and no mention appears in the literaturo of such genera as 

* Another reason the author had for returning to tho study of the eye of the 
Pecstinids was the Appearance of a short paper by Roche, in the ‘ Journ. Roy. Micros. Soc.,’ 
June, 1025. Roche, whoso experience seems to have been rather limited, takes np bis 
work on the basis that two points are left, on which Dakin and Kupfer arc at variance. 
These are (1) the innervation of the distal sense cells, (2) the exact shape of tho interstitial 
cells. It was a natural discovery for Kupfer, working on my data, to find that the 
Innervation of the distal cells was by the distal processes and not by the side This is 
quite correct. It was recognised by myself long before I saw Kupfer’s paper (after the 
War), and tho correct innervation is shown in a text-figure published by me in 1921 
(Inaug. Address, Umv. of Liverpool) four yean before Roche’s paper was published. 
There was, therefore, no disagreement between us on this. 

In rogard to the seoond point, tho matter is more involved, although the exact shape 
of the interstitial colls is not a matter to worry over when so much more important 
research requires attention. Roche statee that Kupfer considered these cells to be 
un branched, whilst I regarded them as branched. Kupfer does figure them, rather 
diagrammatically, as unbranched, but on p. 190 ho states—“ Dakin luts by the use of 
maceration methods been able to isolate these interstitial cells. We were not able to 
do this in a manner free from objection. 1 Ve have, however, no ground to doubt that token 
they are isolated they have the appearance figured by Dakin in fig. 10a, Plate 7.” There 
is, it will be seen,<no variance here. Roche does not mention maceration methods in his 
paper. 
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Amutsium, C/damys and Pedum, which are, no doubt, very closely related to 
Pecten, although Ridewood placed Amuseium in the family Mytilacea. - 

The development of the eye of Pecten, so far as it has been eluoidated by 
Kupfer, throws little or no light upon the possible evolution of the eyes of 
the Pectinide. Comparison in the group thus becomes doubly interesting, and 
when 1 found myself in the fortunate position of obtaining living SpondyUu 
at Naples, and small but valuable pieces of Amutsium from the Natural History 
Museum, I realised there might be some advantage in examining carefully the 
eyes of Spondylus and those of other related genera. 

Spondylus. 

The eyes of Spondylus gcsderopus were examined at Naples. Another species, 
S. americana, became available for comparison at a later date, when a single 
specimen collected by the United States Fishery Commission was kindly 
presented by the American Natural History Museum, Washington. 

The eyes of Spondylus are situated in the same position on the mantle as the 
eyes of Pecten. In the species examined, they are on an average smaller 
than the eyes of species of Pecten of about the same dimensions. (There is, 
however, considerable variation in the site of the eyes in Pecten Bpeoies.) The 
eye number is large compared with Pecten. Thus in S. gcsderopus the numbers 
varied round 117 for the left valve and 68 for the right, whilst in the specimen 
of S. americana there were 92 on the left and 71 on the right valve. It is very 
interesting to note that the eye numbera for the right and left valves of 
Spondylus are related in the same way as those of Pecten. 

Histological examination showB that the eyes closely resemble those of 
Pecten in structure. The resemblance, in fact, is much closer than has previously 
been suggested. The retina contains the same elements in the same positions 
(see accompanying diagram of structure of eye of Pecten). The smaller size 
of the eye, compared with, say, a large eye from Pecten maximus, is accounted 
for by the smaller number of cells present in the retina. (The same kind of 
variation in size due to differences in the number of retinal elements is found 
amongst the Pecten species, and even m one and the same specimen.) 

Hesse states only one kind of difference between the eyo of Spondylus and 
that of Pecten —the septum covering the retina of Spondylus is described as 
cellular. Nuclei are stated to be present, whilst neither nuclei not oell 
boundaries are to be found in Pecten. I can find no support for this state* 
ment of Hesse. The structure of the septum of Spondylus does not appear 
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to be different from that of Peeten , and thru there is nothing to add to what 
has been said regarding this species (Dakin). 

From the above (incorrect) observation, Hesse passes on to say that possibly 
Spondylus is a more primitive form, and that a cellular septum may have 
preceded the other type. There are no grounds now for such a suggestion, 
for all the evidence points to Spondylus having been derived from Peeten 
(see previous paper Dakin, 1928) and not to the reverse processes. 

Chlatnyn. 

This genus strikingly resembles Peeten in appearance, and iB very closely 
related. The eyes are in all respects similar to those of Peeten and Spondylus. 
In the species examined there is one feature of note—the remarkable increase 
in the depth of the epithelial cells which form the cornea. In most species 
of Peeten, and also in Spondylus, the corneal cells are much smaller than those 
of the epithelium of the eye stalk. The peculiar cornea of CMamys is not, 
however, confined to the genus, for the author can remember meeting the 
same type, although not so exaggerated, in an unknown species of Peeten 
examined at Naples many years ago. 

Amussium. 

This rather rare bivalve presented features of particular interest, because 
Ridewood removed the genus from the family Pectinid© altogether, after hiB 
examination of the gill structure of the Lamellibranchs, and relegated it to a 
different sub-order, that of the Mytilacea. Ridewood’a work on the lamelli- 
brnnch gills was thorough and his classification based upon the gills has proved 
of considerable value. It is very questionable, however, if it is fair to classify 
any animal group entirely on the basis of the structure of some single organ. 
In the case of Amussium there can be little doubt that the method adopted 
led Ridewood astray, and the writer would suggest that both on the ground 
of general anatomy, as well as on the evidence from a study of the eye, Atnus- 
stum be brought back again to the Pectinid®. 

The eyes of Amussium are again so very like those of Peeten that it is doubt* 
ful whether an expert could distinguish sections of one from sections of Peeten 
species. It was not possible to be absolutely certain about the most minute 
points, because the only material available (kindly presented by the Natural 
History Museum) had been in spirit for many years. The preservation of the 
general structure was, however, excellent, and so close is the resemblance 
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that it is improbable that any differences in minute structure exist greater 
than those found amongst species of Pecten. 

Pedum. 

A small part of the mantle of Pedum was examined, but the specimen was 
in extremely bad condition, and it was quite impossible to make out the 
histology of the eyes, which appear to be present in the same position as those 
in i Pecten. 

Summary of Facts regarding Eye Structure. 

1. The conclusion reached by the examination of the genera referred to 
above is that several genera of Lamellibranchs have eyes with the now well- 
known complex structure of those of Pecten. The genera include Spondylus, 
Amussium, Chlamys and most probably Pedum. 

2. Consequent upon a study of these and other lamelhbranch visual organs, 
it may be affirmed that the peculiar structure so characteristic of Pecten eyes 
(the cellular lens, the double retina with two distinct layers of sense cells 
which are characteristically arranged) is confined to the family Pectinidce. 
There are no other genera outside this group with eyes of the Pecten type, 
the nearest approach being those of Cardtum. 

3. Within the family Pectimdte the eyes are so uniform that it is impossible 
to indicate any differences which could be regarded as characteristic of the 
different genera. Even the eyes of Amusnum (which must be brought back 
to the family Pectinid® on the grounds of the close resemblance in all the 
general anatomical features) agree m detail with those of Pecten and Spondylus. 

4. No evidence regarding the evolution of the Pecten type of visual organ 
can be obtained from a comparative study of these or other Lamellibranchiata. 

The Evolution of the Eyes of the Pectnmda. 

Charles Darwin was very considerably impressed by the difficulties facing 
him in an attempt to explain the evolution of the vertebrate eye on the basis of 
Natural Selection. He devoted a special statement to the eye in ‘ The Origin 
of Species,’* and from this the following extract is taken: — 

“ When we reflect on these facts, here given much too briefly, with respect 
to the wide; diversified and graduated range of structure in the eyes of the 
lower fl.nimn.la ; and when we bear in mind how small the number of all living 
things must be in comparison with those which have become extinct, the 

* * Origin of Species,' 6th ed., page 136. 
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difficulty oeases to be very great in believing that natural selection may have 
converted the simple apparatus of an optic nerve .... into an optical 
instrument as perfect as is possessed by any member of the Articulate Class. 

“ He who will go thus far ought not to hesitate to go one step farther, if he 
finds on finishing this volume that large bodies of facts, otherwise inexplicable, 
can be explained by the theory of modification through natural selection; 
he ought to admit that a structure even as perfect as an eagle’s eye might thus 
be formed, although in this case he does not know the transitional states.” 

This is an optimistic view of the problem rather than evidence; it is a view 
to which I find it very difficult to subscribe in so far as the eyes of the Peotinidss 
are concerned. Indeed, after a careful comparative study of the visual organs 
of the invertebrates, one finds greater difficulty in accepting the principle of 
natural selection as the dominant factor in their origin than is the oase with 
any other of their morphological features. 

In the bivalve molluscs we meet with many types of eyes, but there is only 
one known up to date (in the genus Cardium) which might be said to present 
the same type of complexity exhibited by the Pectinidee. Within 
the Pectinid®, as we have seen, there is a remarkable uniformity. The 
Peden type of eye occurs only in a group of lamellibranch genera which are 
extremely closely related (but for the shells it is doubtful whether their 
differences could really be said to be of generic rank). 

Now it is very difficult to conceive of a complex structure, complex as 
these eyes, as being the final result of a sifting by natural selection of a large 
number of “ chance ” variations, stress being laid on external factors. 
Indeed, there is grave doubt as to whether the presence of any variations that 
might lead to such organs could have any “ survival value.” Are there any 
indications that ancestors of the Pcctinid®, or present members of the group, 
with variations in the negative direction would be unfavourably biassed 
thereby ? An attempt may be made to answer this question by a study of the 
habitB of lamellibranchs possessing highly developed visual organs and by 
making comparisons with less well-equipped forms. 

There is a remarkable diversity of structure in-the eyes of the Invertebrate, 
even in one and the same phylum, and this diversity is particularly well 
expressed in the still smaller group, the class Lamellibranchiata, where other 
organs are so well graded that several schemes of classification have been 
adopted and given up on this account. The diversity is clearly due to 
independent origin. We know that natural selection does not “ produce ” 
anything, but one might have expected that in a group like the Lamelli- 
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branchiate, if natural selection were indeed a powerful factor, there would have 
been closer agreement in the structure of the visual organs. On the contrary, 
we must regard each type as an independent expression of the working of the 
factors involved in evolution, whatever these may be. 

Let us regard the eye of the Pectinidse from the point of view of function. 
We cannot express our opinion upon the delicacy of vision in our example 
without making- experiments. A study of structure alone leads to a most 
confusing position at the outset. Von Uexkilll showed how in the sea-urchin 
a whole collection of organs was co-ordinated and bound up by a common 
nerve net, in contrast to the conditions in higher animals, where fewer sense 
organs and a differential nervous system are more efficiently utilised. The 
presence of a large number of eyes in Pecten species, together with what is, on 
the whole, a simple nerve connection, is a similar case and spealra for little 
specialisation in function. In complete contrast to this the remarkable 
complexity in eye structure (always commented upon in the literature) points 
to efficient and specialised function. This clash itself prepares one for doubt 
as to the efficiency of the Pecten eye. 

Notwithstanding this beautiful and complex structure, 1 regard a belief in 
high efficiency to be an unwarranted deduction. I have kept large numbers of 
Pecten in aquarium tanks and experimented on their reactions to shadows 
thrown on the eyes as well as to sudden increases in light A moving shadow 
thrown on a number of eyes, frequently but not always results in a brisk 
reaction on the part of the animal. Pecten does not appear to show much 
preference for the illuminated or non-illuminated parts of large tanks. The 
reaction to light does not appear to be more marked than is the case with other 
Lamellibranchs not nearly so well provided with visual organs. 

Von Uexkull, after conducting several experiments, came to the conclusion 
that Pecten reacted to the vision of a moving starfish, and associated this with 
the fact that the starfish is a natural enemy of the bivalve. A metallic model of 
a starfish was stated to produce a response, and also the shadow of the open 
hand when moved. The response is stated to be twofold, the first step being 
the extension of the long tentacles of the mantle edge; this is followed by 
flight if the shadow is that of a starfish. 

My earlier experiments (described in * Mitt. Zool. Stat. Neapel,’ 1910—1913) 
caused me to deny the existence of any difference between the response of 
Pecten to the shadow of an object shaped like a starfish and tee response to 
the shadow of a moving object of any other shape. A later opinion of Von 
Uexkilll is expressed in his last edition of * Umwelt und Innenwelt der Tiere.’ 
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1 notice that his views are now more in agreement with mine, although he 
still regards a moving starfish as having a particularly potent shadow. He 
states that “ Die Form und Farbe des Gegenstandes auf die Muachel, d.h., 
das Bild auf der Netzhaut, wird nicht zur Erregung benutzt. . . . Bine 
Bewegung von ganz bestimmter Gesohwindigkeit . . . wild cum Erregung 
auslosenden Reic.” I have shown (Dakin 1910-13) that to put a starfish 
actually amongst a number of Peoten in an aquarium is a very certain way of 
producing a lively commotion, but the same unrest can also be achieved by 
adding starfish pulp. The reaction is therefore more likely brought about 
by chemotactic sense organs rather than by way of the eyes. In any case 
the response of a Pecten to a shadow such as that thrown by Von UexkilU's 
model is only another example of a type of reaction met with not infrequently 
amongst invertebrates, and does not imply the perception of an image. 

Most bivalves can only push themselves laboriously over the sand or mud of 
the Bea bottom, and a few live attached to rocks or other firm objects, but 
Pecten can awin). Its swimming is so fantastic and unexpected that it 
invariably arouses the excitement of an onlooker when seen for the first time. 
Nothing could be more natural than to explain away the peculiarities of the 
visual organs of Pecten by relating them to this power of locomotion. But 
against this we have other lamellibranch examples. Thus Area, a slow or non¬ 
moving bivalve, has very well-differentiated eyes. The species of the genus 
Lima, which are more beautiful and active swimmers than Pecten, exhibit 
remarkable differences. Lima excavate and L. squamosa have eyes—only 
poorly developed compared with Pectinidss (they are little pits without a lens), 
whilst, according to Hesse, L. inflate and L. hians have no eyes at all. 

Another surprise is Spondylus, for the genus does not swim, but is attached 
to rocks. It must be admitted, however, that the sedentary habits of 
Spondylus cannot altogether be brought forward as demonstrating that unusual 
activity and eye development cannot be correlated. The previous paper 
has shown clearly, I think, that Spondylus had swimming ancestors. 
Spondylus has actually inherited its eyes and its mantle edge from Pecten. 
It is an interesting fact, however, that such minute histological features as 
those of the Spondylus retina should have remained constant through ages, 
i.e., from Triassic times (a period which has seen many tremendous 
evolutionary developments), although the habits of the animal have been unlike 
those of the ancestor from which the eyes were inherited. If, however, we 
regard the eyes as of rather unnecessary complexity for the duties they are 
called upon to perform in the Pectens, it becomes more easy to explain why 
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they remain in Spondylus. Probably they are just as useful in the latter 
creature as in the lethargic Peeten maxima, which very likely only “ swims ” 
for very short distances and infrequently. 

The contention suggested above is that the size and complexity of the 
eyes in Pectinidss is not to be explained by natural selection. The 
difficulty of correlating the complexity of eye structure with function was 
evidently felt many years ago by Patten, when he formulated the theory which 
raised a storm of criticism. He suggested that the structures termed 
eyes were not really visual organs, but organs for the reception of light energy, 
to be utilised for metabolic purposes; he called them Heliophags. Probably 
suoh a theory would be still unacceptable for any such organs in the animal 
kingdom, although, in view of the discoveries of modem times, I for one would 
not like to deny the possibility of animals utilising radiant energy (apart, of 
course, from those containing chlorophyll). 

Swimming, in the case of the scallop, is accomplished by movements which 
are not so simple as they seem at first sight. The water is trapped by the 
muscular mantle edge and compelled to leave the shell dorsally near the hinge 
line. The animal moves with the ventral margins of the shell foremost, in a 
series of jerks, just as if taking a succession of bites out of the water. These 
movements will require organs of orientation for their proper control. The 
water could be easily expelled in a manner so that the first shell “ claps ” 
were unsuited to raise the creature from the sea bottom. Statocysts are 
present, it is true, but it is conceivable that the eyes might play a part in 
orientation rather similar to that of the ocelli in Medusa, where no one would 
look for image formation or image recognition. 

In both the Arthropods and the Fishes, two very different groups of 
animals, the influence of the deep sea is expressed in the same way— 
some forms have larger eyes than usual, some show eyes in stages of degenera¬ 
tion. It is difficult to understand how selection of small variations in two 
diametrically opposite directions could occur at the same time and under the 
same conditions. The evidences of degeneration, and particularly the work 
of Kammerer on Proteus, favour Lamarckian explanations for the reduction 
of the eyes in cave forms and other similar examples. Whether it is rational 
to extend the application of the same principles to the tendency to develop 
the size and complexity of eyes, is an important question. 

It is characteristic of the distribution of visual organs that they appear on 
the part of the animal most directly opposed to the light rayB. It would not 
be speculative therefore to assume that the direct effect of radiant energy had 
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at least called forth the beginnings of each sense organs. It is perhaps 
unorthodox to say that Lamarckian principles may have played some rble 
in moulding their further development. But it may dearly be argued 
that if a lens may regenerate in the Amphibia from the edge of the 
iris, after destruction of the normal lens—a mode of origin which is so abnormal 
that it does not occur in ontogeny—there is no reason why changes in external 
stimuli and modification in habits should not also oall forth directly adaptive 
changes in structure m sense organs of the type we are considering. That, 
however, is a possibility I cannot follow here. 

Whatever may have been the origin of the eyes of the Pecten group, the 
point 1 wish to stress is that their subsequent development in sue and complexity 
was the consequence of internal factors—was, in fact, orthogenetic. I do not 
hold that utility explains their evolution. I do not, of course, necessarily deny 
the action of selection altogether in the phylogenetic vicissitudes which have 
led to Molluscs as a group to-day, but feel that in the case of the Pectmid® 
there is no evidence bf the elimination of types with less complex eyes as unfit— 
that, in view of the diverse conditions existing in the LameUibranchs, there is 
no evidence that a reduction in the efficiency of the eyes of Pecten would lead 
to unfitness—and that in any case, the complexity of structure has for out¬ 
stripped the needs of the animal and the efficiency of the eyes themselves. 

We cannot escape from the conviction that in one particular senes of 
bivalves, all intimately related genetically, a distinct type of visual organ 
arose, independent of other visual organs (except possibly of Oafdww-like 
ancestors), and that apart from adaptation, and apart from utility or 
advantageousness (as Kyle puts it), it attained a certain extraordinary 
complexity. 
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Investigations of the CeU-waU Substances of Plants, with special 
reference to the Chemical Changes taking place during Lignification. 
By E. J. Candlin and S. B. Sohbyveb, F.B.S. 


(From the Biochemical Department, Imperial College of Soienoe and Technology.) 

As the result of various investigations, to which reference will be given in 
the text of this communication, it is possible to divide the substances whioh 
accompany cellulose in the cell-walls of plants among the following groups :— 

(i) The lignins, (li) The hemicelluloses. (iii) The pectins. 

It cannot yet be claimed that any one of the products which can be assigned 
to these groups has been isolated in the form of a definite chemical entity 
(with the exception, perhaps, of some products in group iii). There are, 
however, certain characteristics common to each group, to which bnef 
reference must be made. 

The lignins appear to be products of high molecular weight, which can be 
extracted by various somewhat drastic methods from woody tissues. The 
products obtained by different methods vary in their properties, but they 
appear to give definite colour reactions with a number of reagents. 

The hemicelluloses include those substances whioh were originally described 
by Sohulze, to whom this name is due, which cannot be extracted from the 
tissues by water, but which are readily dissolved by solutions of caustic alkalis 
of about 4 per cent, strength. The pectins cannot be extracted with *llr*li« 
or water, but are readily obtained by warming the tissues with dilute (0*5 per 
oent.) solutions of ammonium oxalate, and other salts, which yield, by double 
decomposition, calcium compounds insoluble in water. The pectins are 
characterised by their ability to form gels under various conditions. 

vol. cm.— b. 2 n 
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Lignified and non-lignified tiasueB differ from one another in many respects. 
The former contain, in addition to oellulose, lignins and hemicellnloses in 
appreciable quantities, and only small traces of pectins.* In the non-lignified 
tissue, on the other hand, lignins are absent; hemiceUuloses are present only 
in small quantities, whereas the pectins are present in relatively large 
amounts.^ During lignification, therefore, the pectins disappear, to be 
replaced by hemiceUuloses and lignins. 

In the course of the investigations on these constituents it waB found that 
the hemiceUuloses obtained from non-lignified tissues varied in their properties 
acoording to whether they had been extracted before or after the separation 
of the pectins. Furthermore, when pectinogen, the name given to the soluble 
product extracted by ammonium oxalate solutions from the tissues, is treated 
with cold lime-water it yields, with elimination of methoxyl groups, calcium 
pectate, the calcium salt of pectic acid, which is insoluble, together with a small 
amount of hemicellulose.J 

The variations in the properties of the hemiceUuloses, and the relationship 
of these substances to pectins, arc difficult to explain, unless the hemiceUuloses 
undergo a change during their separation from the tissues, due to the action 
of the reagents employed for their extraction. It was decided, therefore, to 
undertake a systematic investigation of the action of these reagents on the 
different preparations obtained. This communication describes the results 
of the action of sodium hydroxide in varying strengths on pectic acid, the 
best defined of the products hitherto obtained. They indicate that pectic acid, 
under the influence of the alkali, readily undergoes decarboxylation, yielding 
amongst other products, a substance similar in all its properties to the hemi¬ 
ceUuloses obtained in relatively large amount from lignified tissues. There is 
evidence, therefore, that hemiceUuloses found in lignified tissues are derived 
directly from pectins by simple decarboxylation, a change which can be 
brought about in vitro by weak alkalis at relatively low temperatures. 

The quantity of hemiceUuloses obtained by this method amounts only to 
about 12 per cent, to 20 per cent, of the pectin decomposed; other products 
are obtained in addition, and it is tempting to suggest that these may be 
related to the lignins. Up to the present, however, no evidence has been 
obtained to support this view. The substances yielded by decarboxylation, in 

• Cf. M. H. O’Dwyer, * Biochem. J.,’ vol. 17, p. 601 (1023); vol. 10, p. 604 (1026); and 
vol. 20, p. 666 (1026). 

f Clayson, Norris and Sohryver,' Biochem. J.,’ vol. 16, p. 043 (1021). 

$ Noma and Sohryver, ‘ Biochem J.,’ vol. 10, p. 676 (1026). 
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addition to hemicellulose, are of relatively simple character, and pass through 
a parchment dialysing membrane. If the lignins (which, as already mentioned, 
are substances of high molecular weight*) are derived from the pectins, two 
possibilities exist: cither the action of alkalis, as described below, produces 
too great a degradation of the pectins, or the lignins are produced from the 
simple degradation products by a subsequent synthetical process, which takes 
place in the plant. It is of interest to note that the lignins contain no uronio 
add groups. 

Characterisation of the Products. 

The hemicelluloses hitherto investigated in this laboratory, and the pectins, 
are all derivatives of sugar acids, such as glycuronic and galacturonic acids, 
for which the convenient name of “ uronic acids ” has been suggested by Prof. 
Ling. Miss O’Dwyer (loc. cU.) succeeded in isolating both the above- 
mentioned acids from two different hemicelluloses isolated from beech-wood. 
The pectin and hemicellulose molecules appear to be built up by the conjugation 
of Buch acids with sugars. They both may be regarded then as belonging to a 
definite claBB of chemical substances, for which the name “ polyuronides ” is 
suggested. 

Owing to the presence of these uronic acid groupings they yield, on treatment 
with hot 12 per cent, hydrochloric acid, carbon dioxide and furfural. The 
products described below have been characterised, therefore, by the amounts of 
carbon dioxide and furfural they yield by this treatment. The former was 
determined by the method suggested by Nanji, Paton and Ling,j' and the 
latter by the well-known method of Wheeler and TollenH. 

Preparation of Pecltc Add. 

Two sources of material were employed, viz., (i) pectinogcn of onions, 
(ii) pectinogen from citrus. The former was prepared by the methods described 
by Clayson, Norris and Schryvcr (1921), and Norris and Schryver (1925) (loo. 
dt.). The latter was a commercial product made in the United States of 
America. Its actual method of preparation is unknown. The pectic acid was 
prepared in the following manner :— 

To a 1 per cent, solution of the pectinogen, in water, an equal volume of lime- 
water was added, with stirring, and the mixture allowed to stand for 24 hours. 

* The molecular weight of lignin appean to be about tbe order of 800. Of. Fuchs, 
‘ Die Chemie dee Lignins,’ Berlin, p. 424 (1926). 

t ' J. Soc. Chem. Ind.,’ vol. 44, p. 253 T (1925). 


2 1 > 2 
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The gel of calcium peotate was then filtered off on fine muslin, and well washed 
with oold water. After being pressed as free as possible from liquid, the gel 
was dissolved in warm ammonium oxalate solution. iThe precipitate of 
finely divided calcium oxalate was removed by filtering the liquid through a 
thick pad of paper pulp. Pure concentrated hydrochloric acid was added to 
the filtered solution of ammonium pectate, and after standing for several hours 
the gel of pectio acid which had separated was filtered off on muslin, well 
washed with dilute hydrochlorio acid till the washings gave no precipitate with 
ammonia, and then with cold distilled water till the washings were free from 
chloride. The gel was then dried by graded, strengths of aloohol, and finally 
over sulphuric acid in a vacuum desiocator, whereby a yield of 60 per cent, of 
the acid was obtained, reckoned on the original pectinogen. 


The Action of Alkalis of Varying Concentrations on Pectic Add. 

In the following experiments about 0*2 gramme of the acid were allowed 
to stand for varying times and at different temperatures with 76 c.c. of alkali. 
Hydrochloric acid was then added till the concentration was 12*5 per cent. HC1, 
and air was passed through the cold solution to remove the carbon dioxide 
produced from the carbonate formed. The mixture was then heated, and the 
carbon dioxide evolved was trapped in a series of wash-bottles containing 
barium hydroxide. The amount evolved was estimated by titrations by the 
method of Nanji, Paton and Ling ( loc. dt.). 

Preliminary experiments indicated that 12*5 per cent, hydrochloric acid 
in the cold does not attack uronic acid complexes. The action of alkali 
oauses decarboxylation, so that less carbon dioxide is evolved after treatment 
with strong hot acid. This is expressed in the following tables in the form 
of percentage diminution of the total evolved from the pectic aoid before 
treatment with alkalis. The results are shown graphically in the accompany¬ 
ing curves. 
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Table I.—Decomposition of Onion Pecfcic Aoid by Alkalis. 


Strength of AlkaU. 

Temperature. 

Time of action. 

Percentage loss of 
uronio anhydride. 

A. 

B. 

Normal (4 per oent.) 

18° to 10° C. 

2 days 

2 15 

2 01 

I# (4 per cent.) 

18° to 10° C. 

4 

4-0 

40 

„ (4 per cent.) 

18° to 10° C. 

7 „ 

7 0 

0*70 

„ (4 per cent.) 

18° to 19° C. 

ii .. 

11*2 

11-1 

„ (4 per oent.) 

37° to 38° C. 

2 ii 

10-4 

10 0 

M (4 per cent.) 

37“ to 38° C. 

10 „ 

18-4 

19*3 

„ (4 per cent.) 

37° to 38° C. 

14 „ 

18 7 

19-7 

„ (4 per oent.) 

00° C. 

2 * t 

30-7 

30 4 

„ (4 per oent.) 

00° C. 

« „ 

41 0 

42-4 

„ (4 per cent.) 

00° C 

3C tt 

69 3 

68 7 

„ (4 per cent.) 

* 100° C 

4 hours 

80 0 

84 0 

1 per cent. 

35° to 30° t\ 

2 days 

13-0 

14-8 

1 per oent. 

30° to 36° C. 

4 

19 7 

19-1 

1 per cent. 

30° to 36° C. 

10 „ 

22 0 

20-7 

0*0 per cent. 

35° to 30° C. 

2 i# 

19 8 

20-3 

0*6 per cent. 

30° to 36° C. 

4 „ 

26 9 

20-0 

0 fi per oent. 

36° to 30° (’ 

10 M 

39 0 

89-0 

0-0 per oent. 

• 100° C. 

30 mins. 

02 4 

02-8 

0-0 per oent. 

• 100° C. 

1 hour 

07 0 

— 

0-0 per cent. 

• 100° <\ 

! 4 hours 

83-0 

83-0 


(Senes A and R are duplicate experiments.) 


* By “ refluxing *' with alkali. 



Fig. 1.—Decarboxylation of Onion Pec tic Acid by Cauatio Soda of percentage strengths 

and at temperatures shown* 
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Table II.—Decomposition of Citrus Pectio Add by Alkalis. 


Strength of Alkali. 

Temperature. 

Time of action. 

i 

Percentage lose of 
uronio ankydride: 

A. 

B. 

0*0 per oont. 

0*0 per cent. 

* 100” c. 

• 100° c. 

30 min. 

4 hoars 

331 

800 

33*7 

80-0 


(Series A end B ere dupiioete experiments.) 
• By “ refluxing " with elksU. 



Fie. 2.—Decarboxylation of Citrus and Onion Pectio Acids with 1/8 N. Caustic Soda 

at 100° C. 


Action of Heat on Sodium Pedate. 

The above experiments indicate that weak (0*5 per cent.) alkaline solutions 
are as efficient (if not more so) in producing decarboxylation as the stronger 
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solutions. It was therefore of interest to ascertain whether sodium peotate 
undergoes decarboxylation on boiling with water, without the addition of 
excess of alkali. A sample of the sodium salt was, therefore, prepared by 
dissolving pectic acid in a slight excess of 1 per cent, sodium hydroxide solution; 
to this solution, about twice the volume of alcohol was added, whereby the 
sodium peotate was precipitated. * This, after filtration, was washed with 
90 per cent, alcohol till the washings were free from alkali, and finally allowed 
to stand in absolute alcohol, and dried in a desiccator. 0*2 grammes of the 
salt were then dissolved in 75 c.c. of water, and the uronio acid content of this 
solution determined. After heating for four hours no diminution on uronio 
acid content was observed. Free alkali is therefore necessary to produce the 
decarboxylation of the sodium salt. 

An experiment was carried out in which 0*1 pec cent, sodium hydroxide 
was used. This was found to produce, at 100° C., slow decarboxylation, 
which amounted to about 26 per cent., as compared with 80 per cent produced 
by 0*5 per cent, sodium hydroxide in the same time. In all subsequent 
experiments decarboxylation of pectic acid was carried out with 0*5 per cent, 
sodium hydroxide at 100° C. 

Preparation of HemiceUulose from Pectic Acid by the action of Sodium Hydroxide. 

(a) From citrus pectic acid. 6*04 grammes of the acid were dissolved in 
2265 c.c. of 0*5 per cent, sodium hydroxide solution, and the mixture was then 
boiled under a reflux condenser for four hours. After neutralisation with hydro¬ 
chloric acid, the solution was evaporated under reduced pressure to 230 o.o. 
The solid which separated was filtered off and dried. The powder thus 
obtained weighed 0*6 gramme. The dried material had a urdhio anhydride 
content of 64*5 per cent., which diminished to 33*2 per cent, after heating. 
It had all the properties of unchanged sodium pectate (uromc anhydride 
content 66*5 per cent.). To the filtrate from this substance was added an 
equal bulk of 95 per cent, alcohol. After standing overnight a precipitate was 
obtained, which, after washing and drying with graded strengths of alcohol 
and in vacuo, in the usual manner, weighed 0 * 8 gramme. It formed a greyish 
powder when dry, which dissolved readily in water to give a neutral solution. 
The percentage of uromc anhydride it contained was 37*3, which did not 
diminish at all after heating with N /8 sodium hydroxide solution for four hours 
at 100° C. Its solution did not reduce Fehling’s solution, but it readily yielded 
reducing substances after boiling with 4 per cent, sulphuric acid, as the following 
figures indicate:— 
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Table III. 


Time of hydrolysis 
(boon). 

Mgmt. reducing substance, calcu¬ 
lated as |lucose, per gramme 
substanoe. 

0 

0 

2 

270 

4 

313 

6 

355 

13 

364 


The furfural content was found to be 17*4 per cent. All the results of 
analyses are calculated for the ash-free substance. This product has all the 
characteristics of a hemicellulose ; a more detailed comparison is made below. 

The substances in the filtrate from the hemi celluloses were submitted to 
further examination, of which a description is given in a later section. 

(6) From onion pectic acid. The pectio acid (€ grammes) from onions was 
heated with 0*5 per cent, sodium hydroxide solution in precisely the same way 
as that from citrus, and the same procedure was adopted for the isolation of 
the products. On concentration, after neutralisation, only 0*2 gramme 
of the unchanged pectate was isolated; on the addition of alcohol to the 
filtrate a precipitate, weighing 1*2 grammes when dry, was obtained. This 
had very similar properties to the hemi celluloses isolated from the citrus pectio 
acid. Its uronic anhydride content was 21 *5 per cent., and did not diminish 
after heating for four hours with 4 per cent, sodium hydroxide solution. It 
yielded 8*43 per cent, of furfural (all analyses calculated for the ash-free 
product). It ( did not reduce Fehling’s solution until after boiling with 4 per 
cent, sulphuric acid solution, as the following figures indicate:— 


Table IV. 


Time of hydro] y*U 
(hoon). 


Mams, reducing antetaoee, calcu¬ 
lated aa ghuoee per gramme 
rabataooe hyorolyaed. 


0 

2 

4 

6 


• 0 
712 
820 
887 


Several other similar experiments have been carried out which gave the 
same results. Mr. H. S. Shartna has found that the pectio acid from turnips 
also readily undergoes decarboxylation on treatment with oaustic alkalis. 
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A Comparison of the Hemieelluloses obtained by the Decarboxylation of Pectic 
Adds, with those isolated directly from Dignified and Urdignified Tissues. 

It has been shown above that the pectic acids with high uronio anhydride 
content readily undergo decarboxylation to yield hemieelluloses, which also 
contain uronio acid groups, though these are present in much smaller quantity 
than in the pectic acids from which they were obtained. A marked character¬ 
istic of these hemieelluloses is that although they contain these uronic groupings, 
they do not undergo further decarboxylation on prolonged treatment with 
boiling 0-5 per cent, sodium hydroxide solution. It was of interest, therefore, 
to compare them with the hemieelluloses isolated directly from plant tissues. 

The hemieelluloses were prepared from the cell-wall substance of turnips 
by the method described by Clayson, Norris and Schryver (loo. oil.). These 
were obtained in two fractions, designated A and B, by the following method. 
The alkaline extract was acidified by addition of a small excess of glaeial acetic 
acid. A precipitate separated, from a somewhat turbid supernatant fluid, the 
greater part of which was syphoned off after standing overnight. The precipi¬ 
tate was separated from the remainder of the mother-liquor by centrifuging. 
It was then re-dissolved in a small amount of 4 per cent, sodium hydroxide 
solution, from which it was re-preoipitated, after clarification by kieselguhr 
(2 grammes per 100 c.o.) by the addition of aoetio acid and alcohol, the latter 
being added in bulk equal to that of the aqueous fluid. The precipitate was 
dried in the usual manner, and constitutes the fraction designated A. The 
mother-liquor from this fraction was then concentrated to one-fifth of its 
original bulk, after clarification by kieselguhr (2 grammes per 100 c.c.), and 
twice the volume of alcohol was then added. In this way hemicellulose B was 
precipitated, which was washed and dried in the usual manner. 

Two hemieelluloses were isolated from beech-wood, precisely in the manner 
described by MisB O’Dwyer (loc. cit ). The uronic anhydride content in these 
hemieelluloses was determined, both before and after heating, with 0*5 per 
cent, sodium hydroxide solution, and the following results were obtained:— 

Table V. 


Uronio anhydride content. Turnip. 

Beech-wood. 

i 

Per cent. j A. 

l 

B. 

A. 

A f B 

(nuxturn) 

Before treatment with alkali 10*4 

10-7 

11 0 

18-8 


9*7 

111 

10 2 


it tl it 


After 


13-3 


tt -8 

6*90 


10 4 

11 O 


16*5 
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It will be seen that the hemioelluloBes from non-lignified tiasne undergo a 
alight amount of decarboxylation on treatment with alkali, whereas those 
from hgnified tissue remain intact. There is therefore a great similarity 
between the hemicelluloae of hgnified tissue and those obtained by the action 
of alkali on pectio acids. The fact may also be recalled that all readily yield 
reducing sugars on hydrolysis with weak acids. 


The Products, other than Hemiadhulose, produced by the Addon of Alkalis on 

Pedic Acid. 

Up to the present time, the products other than hemicelluloses obtained by " 
the action of alkalis on pectio acids have not been identified. The mother- 
liquors from which the hemicelluloses were precipitated were neutralised with 
hydrochlorio acid, and evaporated to dryness, in vacuo. Brownish masses, 
containing large amounts of sodium chloride, were obtained. The organio 
matter was insoluble in absolute alcohol, but soluble in alcohol containing a 
small amount of water. It was free from uronic acid groups, and did not 
contain any reducing sugars, and only small amounts of substances which 
reduce Fehling’s solution were obtained after hydrolysis with 4 per cent, 
sulphuric acid solution. The substances it contained were mostly of simple 
character, and more than 96 per cent, passed a parchment dialysing membrane. 
It is possible that they are products of decomposition of sugars, produced by 
the action of hot alkaline solutions, as it might be expected that suoh substances 
are set free from pectic acids by the action of alkali. 

It was found that arabinose, on heating for half an hour with 0*6 per cent, 
sodium hydroxide solution, lost 90 per oent. of its reducing power, and gave rise 
to products not unlike those just described. Attempts were made to separate 
the organic matter from sodium chloride. In one experiment the hydrolysis 
was carried out with the use of N/8 lithium hydroxide solution, and 
separation of the greater part of the lithium, after its action, as phosphate. 
Although the normal decarboxylation took place, it was still found 
impossible to obtain the organic matter free from contamination by inorganic 
salts. 

Although the products, other than hemicelluloses, obtained by the action 
of alkalis on pectic acidB are probably decomposition products of simpler sugars, 
it was nevertheless regarded as desirable to ascertain whether any relationship 
could be established between them and the lignins—to find, e.g., whether they 
gave the same colour reactions. For this purpose a sample of lignin was made 
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from pine wood, by extraction of the sawdust with alcoholic hydrochloric acid 
solution, by the method of Friedrich and Diwald.* 

The lignin thus isolated was found to be free from uronic acid groups, and 
gave, both before and after heating for some hours with 0*5 per cent, sodium 
hydroxide solution, the typical lignin colour reactions with the following 
reagents: aniline sulphate, phloroglucmol, carbazole, benzenediazonium 
chloride, Millon’s reagent, and Tolicns’ silver reagent. None of these reactions 
were given by the products of undetermined nature obtained by the action of 
alkalis on pectins. 

If there is any relationship between the pectins and the lignins, then the 
change takes place in some way other than that brought about by the action of 
alka l is, or, what is perhaps more probable, the lignin is produced in the tissue 
by synthesis of some of the degradation products. 

A Comparison of the Pectic Acids from Citrus and Onions. 

The pectic acid from onions and a number of other plant materials has 
already been prepared by Clayson, Norris and Schryver ( loc. cit.). The acids 
obtained from the different sources, with the exception of that from citrus 
fruits, appeared to be identical. It is of interest to note that the pectic acid 
obtained from the citrus by the method described in this paper differs from 
the acid obtained from onions, not only in itB own uronic anhydride content, 
but also in the uronic anhydride content of the hemicellulose obtained from it 
by the action of alkalis. It would appear as if the citrus pectic acid contained 
a larger number of uronic groups in its molecule than do most of the other 
pectins. It is not proposed to discuss this matter in detail here, but the follow¬ 
ing table is appended to indicate the differences between the two pectic acids 
employed in these researches. 

Table VI. 


Uronio anhydride content of pectic acid 
Furfural content of peotio acid 
Uronio anhydride content of derived hcmicellulose 
Furfural content of derived hemieollulow* 


Citrus. . Onion. 


Per cent I Per cent 
89 0 , 88 2 ! 60 7 . 70 3 

23 15 , 23 0 ! IN 2 , 181 

' 37 3 . 37 2 21 5 , 21 6 

17-4 8*43 

t 


* 1 Monatshefte f. Chemle,’ vol. 46, p. 31 (1926); and Fucbs, Inc . cit., p. 32 
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Summary. 

The substances which accompany cellulose in the cell-walls of plants may be 
divided into three classes: (i) lignins, (ii) hemiceUoloses, (iii) pectins. The 
products belonging to the two latter classes are formed by conjugation of the 
sugar acids (glycuronio and galacturonio acids) with sugars. These acids are, 
using Ling’s suggestion, designated " uronic acids,” and the hemicelluloses 
and pectins appear therefore to belong to a distinct chemical group, for whioh 
the name “ polyuronides ” is suggested. The pectins contain a much larger 
uronic acid content than do the hemicelluloses, while the uronic acids are absent 
from the lignins. 

Lignified tissues contain lignins and hemicelluloses in relatively large 
amounts, with only traces (if any) of pectins. Non-lignified tissues, on the 
other hand, contain relatively large amounts of pectins, small amounts of 
hemicelluloses, and no lignin. 

It is found that peotins undergo deoarboxylation on treatment with 
weak alkaline solutions, even at room temperature. On this treatment they 
yield, amongst other products, hemicelluloses, which still contain uronic 
groups, but which resist decarboxylation on treatment with alkalis, and 
which resemble in all respects the hemicelluloses isolated directly from 
timbers. 

These results indicate that decarboxylation takes place when plant tissues 
lignify. No direct connection has yet been traced between the pectins and 
lignins. 
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The Plasticity of Wool. 

By J. B. Spearman, University oi Leeds. 

(Communicated by A. V. Hill, F.R.S.—Received June 5, 1928.) 

Introduction. 

1. Shorter (1) has shown that the behaviour of wool under tension can be 
simulated by the Poynting and Thomson (2) model, consisting of two springs 
connected in series, one spring being free and the other damped by immersion 
in a viscous medium. The same model has been used more recently by 
Poole (3) to illustrate the behaviour of gelatin gels. Thus a wool fibre, when 
subjected to tension, shows an immediate extension, followed by slow creep, 
and Shorter considers that “ the explanation of this is not, as might be supposed, 
that the elastic elements are showing plastic yield, but that the fibre contains 
elastic elements with very different degrees of damping." Similarly, the 
elastic relaxation which occurs when a fibre is held stretched to a definite 
length is regarded, not as the disappearance of strain owing to molecular 
re-adjustment, but as “ the transference of a state of strain from lightly damped 
to highly damped elements." (1) 

When dry, extended wool fibres tend to return only very slowly to their 
original length, but immersion in water produces rapid and complete recovery. 
In termB of the model, this observation is explained by assuming the viscosity 
of the colloid medium to be reduced by water absorption. Its viscosity is 
also reduced by the mechanical disturbance associated with extension and 
contraction, but if a period of rest be allowed between two successive 
extensions, the fibre is found to be completely unaltered by extension. 
Shorter’s observations were carried out at 68 per cent, relative humidity, 
and it is clear that under these conditions wool is perfectly elastic. 

In contradistinction to the behaviour of relatively dry wool, the author 
has been able to show that wool fibres in water are imperfectly elastic. The 
imperfection is of two kinds, attributable to the plasticity and rupture of 
elements which are clastic when dry. 

Experimental. 

2. The plasticity of wool in water can be illustrated in a number of wayB, 
but the most striking proof is obtained by a study of the stress-strain relation¬ 
ships of fibres before and after being held stretched to a definite length in water. 
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The general method of experiment was as follows: a B-cm. length of fibre, 
attached by means of sealing wax to two glam hooks, was stretched between a 
fixed base and one arm of a balance. Load was applied at a constant rate by 
running water through a calibrated jet into a counterpoised beaker carried by 
the right-hand arm. In view of the high extensibility of wool when wet, and 
the weakness of some of the finer fibres, the left and right-hand arms of the 
balance had effective lengths m the ratio 3 :1. The fibre was immersed in a 
vessel of water surrounded by a thermostat at 26° C., and extension followed 
by observing the upper end of the fibre through a travelling microscope 
sensitive to 0 • 05 mm. (0 * 1 per cent, of the original length). The load-extension 
curve was determined up to 30 per cent, extension, and the fibre held stretched 
at this point for a definite time. On being released, it returned exactly to the 
original length, and was allowed to rest unstretched in water for 24 hours. 
The load-extension curve was then re-determined. 



■ 2 3 4 5 6 7 

LOAD GRAiS PER SQ CPI /Mf ARC A. x 10* 

Fio. 1.—Typical Load-extension Curves. 


Two typical curves for a fibre held stretched four hours are shown in fig. 1, 
and indicate a marked change of elastic properties. Furthermore, the change 
is permanent, for an interval of 18 days between successive extensions failed 
to induce recovery. If plastic flow is responsible for the greater ease of 
extension, the separation of the two load-extension curves should increase with 
the time for which fibres are held stretched. Accordingly, a numbei of experi¬ 
ments were made with fibres held stretched for times varying between 30 and 
1143 minutes. From the curves, the amounts of energy necessary to extend 
each fibre 30 per cent, of its length before and after stretching were evaluated. 

The data given in Table I have been calculated for a unit cube of wool by 
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correcting for the measured cross-sectional area of each fibre. They show a 
continuous reduction in the energy necessary to extend fibres with increasing 
time of stretching, and afford a convincing proof that part, at least, of the wool 
fibre is truly plastic in water. 

Table I. 

Ej = Initial energy necessary to extend fibres 30 per oent. 

E a = Energy necessary to extend fibres 30 per cent, after stretching. 


Time bold 
stretched. 




Ei — E|. 


) x 100. 
E, 


Mins. 


30 

62 

92 

161 

210 

244 ) 

240 

300 

1143 


gram mo oins. per o.c. X 10*. 


1 626 

1 429 

0 100 

6-5 

1 478 

1 353 

0 125 

8 5 

1 555 

1-376 

0 179 

11-6 

1-536 

1 244 

0 295 

19 2 

1 027 

1 277 

0 350 

21 5 

1 674 

1 • 189 

0 385 

24 4 

I 536 

! 1 158 

0 378 

24 6 

1-476 

1-084 

0 395 

26 7 

1 464 

0 891 

0 603 

, 40 3 


i 


Corresponding experiments were made at lower humidities. As before, the 
load-extension curves were determined m water, but the fibres were held 
stretched in atmospheres at 90 per cent, and 76 per cent, relative humidity. 
The results given in Table II include those for 100 per cent, humidity for 
purposes of comparison, and indicate that wool is not markedly plastic except 
at humidities approaching saturation. 


Table II. 


Relative 

Humidity. 

Time held 
stretched. 

B»- 

1 

E,. 

E, — E,. 

?*---*■ X 100. 
E, 

Per oent. 

Mins. 



100 

300 

1-470 


0-395 

26-7 

00 

303 

1-389 

1-270 

0-119 

8 6 

75 

323 

1*620 

1 532 


6 4 


3. The second type of imperfection shown by wool in water is due to the 
actual rupture of elastic elements by extension, but even when such breakage 
occurs the fibre retains its ability to return exactly to the original length. A 
measure of the degree of breakdown at each extension can therefore be obtained 
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by determining the reduction in the energy necessary to extend fibres a given 
amount after an equal previous extension under the same conditions. The 
determinations must be made under such conditions that plastio flow is absent, 
and to conform with this requirement fibres were stretched rapidly in water at 
a lower temperature than before, 18° C. The actual rate of loading was 
1-4 X 10 6 gms./sq. cm./minute, and is sufficient to break fibres at about 
00 per cent, extension in about 12 minutes. The data of Table I show that the 
amount of plastic flow which can occur in this maximum time is negligibly small. 

The method of experiment was similar to that already described, with the 
one exception that the fibres were not held stretched to a definite length, 
but were allowed to contract immediately the required extension had been 
attained. Once-extended fibres showed a slight partial recovery of elastio 
properties on standing, but all possible recovery was oomplete within 24 hours. 
The amounts of energy necessary to extend fibres a certain degree initially, 
and after an equal previous extension, were again graphically evaluated. 
The complete results for a number of different extensions appear in Table III. 


Table III. 

Ej = Initial energy necessary to extend fibres. 

E a — Energy necessary to extend fibres after an equal previous extension. 


Percentage 

Extension. 

E,. 

K.. 

Bi - E,. 

E, — E, y JQQ 

Ei 


gramme oms. per c.o. x 10 B . 

A 


35 4 

1-927 

1-894 

0-033 

1-70 

38 4 

2 389 

2 326 

0-063 

2-64 


2-797 

2-610 

0-187 

0-69 


2-606 

2-422 

0-174 

0-71 

457 

2-919 

2-566 

0 368 

12-1 

46 3 

3-494 


0*412 

11-8 

49 7 

3 494 

2-997 

0-497 

14-2 

60 3 

3-668 


0-603 

10 4 

51-6 

4 407 

3-474 

0-633 

21-1 

54-6 ! 

4 473 

3 410 

1-057 

23-6 


The most important deduction to be made from these observations is that 
Cotswold wool fibres, when extended rapidly in water, experience no permanent 
alteration below 34 per cent, extension. Beyond this point, the degree of 
elastic imperfection produced by actual rupture of elements within the fibre 
increases continuously with the extension attained. This form of imperfeotion 
is present at lower humidities than saturation, but to a smaller degree. For 
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example, at 75 per cent, relative humidity, the amounts of energy neoessary to 
extend fibres 40 per cent, of their length initially, and after an equal previous 
extension, were 4*206 and 4*082 gm. cms. per o.c. The reduction in energy 
is only 2*94 per cent, of the original energy necessary, and in view of the fact 
that it is impossible at this humidity to extend fibres far beyond 40 per cent, 
without actual rupture occurring, the degree of imperfection in “ dry ” wool 
fibres must be regarded as relatively small. 

4. The two forms of elastic imperfection in wet wool necessitate some 
modification of Shorter’s theory. This was developed for wool in the semi-dry 
and perfectly elastic condition, and it is clear that no arrangement of springs 
in series can explain the newly-discovered ability of wool fibres always to 
return to their original length in spite of the plasticity and rupture of internal 
elements. The most satisfactory explanation is that the fibre consists of a 
number of elements arranged in parallel, all of whioh are elastic at low 
humidities, but some of which become plastic at high humidities. So long 
as any of the elements remain perfectly elastic, the fibre as a whole will possess 
perfect elasticity of form. By introducing the microscopic observations of 
Nathusius (4) and Mark (5), it is possible to give this modified theory increased 
precision. Nathusius found that the constituent cells of wool and hair consist 
of a cell wall enclosing a fibnllar structure, which is not arranged haphazardly, 
but haB a tendency to lie preferentially along the axis of the fibre. More 
recently, Mark has been able to show that the extension of wool fibres takes 
place by direct stretching, without slip, of the constituent cells. Evidently 
then, the elastic properties of the fibre as a whole are those of the single cell. 

The preferential arrangement of fibrillce along the axiB of the fibre is 
confirmed by the form and interpretation of the streBs-strain diagram for 
wool (fig. 1). This falls naturally into three sections: a period of slow exten¬ 
sion, over which Hooke’s Law is approximately obeyed, followed by a period of 
rapid extension from 2 per cent, to 30 per cent., which is again succeeded by a 
period of slow extension. From the present point of view, the most important 
section of the curve is that of rapid extension. The fact that extension is most 
rapid over the range where elastic imperfection is entirely absent, makes it 
probable that such extension occurs by rotation of fibrillss. When all the 
fibrillee have been drawn into the line of application of stress, extension is again 
retarded. 

But Poole (3) has shown that the extension realised by rotation in the case 
of a haphazardly arranged fibrillar structure is of the order of 60 per cent. 
The fibrillar structure of wool must therefore be preferentially arranged along 
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the axis of the fibre. This arrangement is what would be expected from the 
mode of formation and growth of the fibre. It ia known that the cells vttiioli 
go to form wool and hair are originally apherionl in form, but as they are 
forced up the shaft of the fibre deformation to either scale or sjnndle-Bhape takes 
{dace. The contents of the orignial cell are probably gelatinous in character, 
but during deformation there will be a tendency to develop fibrill© parallel 
to the length, rather than at an angle to the length. Keratiniaation serves to 
conserve the arrangement. 

In order to explain the elastic properties of wool it is necessary to assume only 
that the cell wall is perfectly elastic in water. This assumption is not entirely 
unsupported by experimental evidence, and there is reason, on biological 
grounds, to expect the cell wall to differ in constitution from the enclosed 
fibrill©, which are to be regarded as elastic when dry, but plastic when wet. 
The wool fibre as a whole, therefore, consists of an elastic continuous cellular 
framework, enclosing a fibrillar structure, which is arranged preferentially 
along the axis of the fibre. 

5. On the above theory, two forms of elastic relaxation are to be expected 
when a wool fibre is held stretched to a definite length. The first is of the 
kind illustrated by the Poynting and Thomson model, and is due to the 
impedence of fibrillar rotation by frictional forces within the cell, while the 
second is attributable to molecular re-arrangement within the plastic fibrill©. 
The quantitative study of the plasticity of different wools and hairs, and its 
dependence on humidity and chemical treatment, was attempted by deter¬ 
mining the rate of decay of tension in fibres held stretched to a fixed length. 

The apparatus used in this section of the investigation requires more detailed 
description, and is shown in front and end elevation in fig. 2. It consists 
essentially of a heavy brass base carrying two vertical pillars, midway between 
which turns a calibrated brass screw of 1 mm. pitch. A traveller, T, carrying a 
calibrated steel spring, S, slides along the pillars, and is actuated by turning 
the screw. The number of turns made by the latter is indicated by the 
pointer, P, which moves over a dial graduated in quarter turns. Below the 
spring, S, is a rectangular glass tank cemented to the metal base, through 
which the plunger, L, carrying a hook at its upper end, is operated. A glass 
lid, cut in half, closes the tank, with the exception of a pinhole in the centre 
immediately above the hook of the plunger. 

Humidity control within the tank was effected by sulphuric acid solutions 
contained in 3-tier paraffin-wax troughs, arranged ou either side of the plunger. 
For observations at 100 per cent, relative humidity, the tank was filled with 
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distilled water. The whole apparatus was built into a thermostat at 20° C., 
the water of which came almost to the level of the top of the glass tank. 



Fio. 2. 


The method of using the apparatus was as follows : a 5-cm. length of fibre 
was attached by means of sealing wax to two glass hooks, one of which was 
looped in the middle, as shown in the figure. A needle was inserted through the 
loop and the lower hook engaged with the hook of the plunger. The needle 
was then rested on the lid of the tank and the fibre just drawn taut by gradually 
withdrawing the plunger. The spring, S, was then lowered and engaged with 
the upper hook, which moved freely upwards within the pinhole in the lid. 
After measuring its unstretched length by means of a reading microscope, the 
fibre was extended rapidly by withdrawing the plunger to its extremity. The 
spring was then extended by raising the traveller until the upper hook lifted 
slightly from the needle. If the system were then left untouched, the fibre 
would extend and the spring contract. 

To obviate extension of the fibre, the spring was caused to contract by 
turning the pointer, P, in Buch a way that the fibre, as observed through a 
microscope, was held stretched at constant length. Originally, the pointer 
was operated continuously, and the rate of decay of tension determined by 
measuring the length of the spring at intervals. Later, it was found more 

2 E 2 
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convenient to make half turns of the pointer, and observe the times at which 
the extremity of the upper glass hook attached to the fibre made apparent 
contact with a certain graduation of the eyepiece micrometer. The contraction 
caused by the half turn of the screw was absorbed mainly by the spring, the 
length of the fibre being altered by only one part in 600. At the end of the 
experiment, the length of the spring was measured by the aid of a travelling 
microscope, and its length at any previous time calculated from the known 
number of half-turns which had been made. The stretched length of the 
fibre was also measured. 


The Influence of Relative Humidity on the Elastic Relaxation of Extended Wool 

Fibres. 

6. Observations were made at 26, 60, 76 and 100 per cent, relative humidity. 
At the lowest humidity it is not possible to extend fibres far beyond 30 per 
cent, extension without rupture occurring, and in consequence extension was 
limited to this amount (approximately) in all cases. The general trend of 
elastic relaxation at each humidity is Bhown by the following typical figures 
for Cotswold fibres at 26° C.:— 


Table IV. 


26 per cent. Relative Humidity. 
Fibre Diameter: 46-1 p. 
Extension : 30 per cent. 


Time. 

Tension. 

Mins. 

Grammes per cm. 1 

1 -75 

16-07 x 10* 

2*70 

15-72 X 10 1 

4-45 

| 10*39 X 10* 

8 35 

15-06 X 10 1 

15*10 

14-72 X 10* 

32 05 

14 39 X 10* 

50 75 

14-06 x 10* 

170 

13 55 X 10* 

1300 

12 57 X 10* 


60 per cent. Relative Humidity. 
Fibre Diameter: 43*3 p. 
Extension: 28*9 per cent. 


Time, j 

Tension. 

Mins. 

Grammes per cm.* 

1-50 

13*63 X 10* 

2*73 

13-28 X 10* 

3*70 

13*10 X 10* 

0 57 

12-91 X 10* 

7-95 

13*73 X 10* 

12 15 

12*00 X 10* 

17-60 

13*37 X 10* 

27-47 

13*10 X 10* 

42-80 

12*01 X 10* 

65-20 

11*83 X 10* 

05-90 

11*04 X 10* 

210 

11*38 X 10* 

280 

11*09 X 10* 
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Table IV—continued. 


75 per oent. Relative Humidity. 
Fibre Diameter: 45-8 p. 
Extension: 27 -2 per cent. 


100 per cent. Relative Humidity. 
Fibre Diameter: 46*6 p. 
Extension: 29 per oent. 


Time. | 

Tension. 

Mine. 

Grammes per cm.® 

ISO 

10*39 x 10‘ 

2-00 

10*07 x 10 1 

4*25 

9*74 X 10* 

0*66 

9*41 x 10® 

81*00 

9*09 x 10* 

46*55 

8-76 x 10 l 

99*65 

8*44 x 10* 


8*11 X 10® 

1839 

6*90 X 10® 


Time. 

Tension. 

Mins. 

Grammes per om. 1 

1*05 

6-05 X 10* 

1-75 

6-80 X 10* 

3*90 

5*74 X 10® 

4*95 

5*58 X 10® 

7*80 

5*42 X 10® 

11*50 

5-26 X 10® 

16*60 

5*11 X 10® 

23*56 

4*95 X 10® 

30*25 

4-80 X 10® 

39*20 

4*64 X 10® 

50*35 

4-49 X 10® 

62*10 

4*33 X 10® 

76*60 

4-17 x 10® 

1143 

1*97 x 10® 



Fxo. 3.— Decay of tensioa at humidities 2A, 60, 76 and 100 per oent. 


In fig. 3 tension is graphed against logarithm o! time, illustrating the 
e x iste nce of a linear relationship between the two quantities, except at 
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100 per cent, humidity, where the deviation is well marked. The same 
expression, 

T = a — l log (t + c), 

where T — stress at any time t, and a, k and c are constants, has been used by 
Trouton and Rankine (6) for the rate of decrease of stress in lead wires held 
stretched at constant length. The complete failure of the equation in the case 
of wool stretched at high humidities must be due to the incidence of fibrillar 
plasticity. 

It is possible to fit all the results of Table TV to an equation of the type 

T *= c + ae~ H ' t 

where T = tension at time t, and c, a, t and n are constants. This expression, 
due originally to Kohlrausch, (7) has been employed by Peirce (8) with 
considerable success in the case of the decay of torsional resistance in cotton 
fibres at constant twist. Unfortunately, the value of the exponent “ n ” is 
different for wool at high and low humidities, and for wool treated chemically 
in a variety of ways. The equation cannot, therefore, be conveniently used 
for the comparison of the fibrillar plasticity of different wools under different 
conditions. In consequence, the degree of departure from the Trouton and 
Rankine equation has been adopted here as a measure of fibrillar plasticity. 

The Plasticity of Different Wools and Animal Hairs. 

7. Different materials were compared in water where plasticity is most 
marked. After immersion in water at 25° C. for 30 minutes, the fibres were 
rapidly extended 40 per cent, of their length, and the rate of decay of tension at 
constant length determined. The plasticity of different fibres, even from the 
same sample of wool, is by no means uniform, and comparison of different 
materials can only be made by averaging a number of determinations. The 
only possible method of averaging and comparing results seems to be to 
measure the time taken for the initial tension to decay to half value. The 
set of ten observations made with Cotswold wool are recorded in Table V to 
Indicate the degree of variation encountered. 



Plasticity qf Wool. 887 

Table V.—Ootswold Wool. 


Percentage Extension. 

Half-tension Time. 

424 

Mins. 

98 

41 1 

90 

38-0 

82 

40*0 

120 

39-1 

108 

38-3 

no 

421 

170 

391 

122 

39 3 

118 

40-4 

120 


The mean values of the half-tension times for four kinds of fibre are given 
in Table VI. It should be mentioned that comparison has been limited to 
these fibres because they were extremely uniform in diameter. Other more 
irregular wools have been studied but the results have no real sig nificanc e, in 
the sense that they are true only for wool as a fibre and not as a substance. 
The values given in the tabic express real differences in the composition of the 
fibres, and are independent of geometrical properties. 


Table VI. 


Kind of Fibre. 

Extension, 

Half-tension Time. 


Per cent. 

Mina. 

Homan Hair 

39 5 

233 

Mohair 

39 0 

106 

Cotswold Wool 

40 0 

114 

Australian Leicester Wool 

39*8 

88 


The Influence of Chemical Reagents on the Fibrillar Plasticity of Wool. 

8. Although wool is treated with a variety of chemical reagents during its 
passage from the raw material to the finished fabric, their effect on its elastic 
properties has never been studied. From the present point of view, however, 
the most important aspect of the action of chemical reagents is the information 
derived regarding the development of plasticity in water. The nature of each 
reaction is not discussed separately because the theory to be formulated is 
based on the cumulative evidence of all the reactions. 

(a) Inorganic Acid.—Single wool fibres were immersed in large volumes of 
1 *200 N/100 and 1 *015 N/10 hydroohlorio acid solutions at 26° C. for 24 hours 
and then stretched about 40 per cent, of their length in the solution with which 
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they had come to equilibrium. The rates of deoay of tension were determined, 
giving results of the type shown below (Table VII). 

Table VII.—Cotswold Wool. 


Fibre Diameter: 35-9(1. Fibre diameter: 35-6 p. 


Extension 

39*6 per cent. 

Extension 

38 per cent. 

1-200 N/100 HO. 

1-015 N/10HC1. 

Time. 

Tension. 

Time. 

Tension. 

Mina. 

Grammes per sq. cm. 
9-00 x 10* 

Mina. 

Grammes per sq. cm. 
10-03 x 10* 

0*68 

0 88 

116 

8-80 X 10* 

1-27 

9-77 X 10* 

206 

8-83 X 10* 

1-93 

9-60 X 10* 

3-33 

8-26 X 10* 

3 00 

9-24 X 10* 

6*67 

8-00 X 10* 

4-65 

8-96 X 10* 

8-26 

7-74 X 10* 

7-88 

8-70 x 10* 

12-06 

7-47 X 10* 

11-80 

8-43 x 10* 

18-36 

7-21 X 10* 

19 18 

8 -16 X 10* 

27-30 

6-96 x 10* 

98-40 

7-89 x 10* 

37-96 

6-69 X 10* 

44-98 

7-62 x 10* 

66-26 

6-41 X 10* 

68-78 

7-38 X 10* 

124-7 

6-62 x 10* 

189-6 

6-71 X 10* 



Fio. 4.—Deoay of tension in various media. 


In fig. 4 tension is graphed against logarithm of time for the fibre in equili¬ 
brium with 1 *015 N/10 hydrochloric acid, and for an untreated fibre extended 
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38'6 per cent, of its length in water at 25° C. It is evident that the plasticity 
of wool, as evidenced by the rate of decay of tension, is considerably less in 
acid solution than in water. 

(b) Alkali .—The effect of alkali on the plasticity of wool was determined by 
studying the rate of decay of tension in 0*99 N/100 sodium carbonate solution 
at 25° C. Single fibres were immersed in large volumes of the solution for 
24 hours, and elastic relaxation at about 40 per cent, extension studied in situ. 
Typical results are given below (Table VIII), and tension is plotted against the 
logarithm of time in fig. 4. From the latter it is clear that the plasticity of 
wool is greatly increased, even in very dilute alkali. 


Table VIII. 

Fibre Diameter : 37-9 p. Extension : 39-8 per cent. 0*99 N/100 Sodium 

Carbonate. 


Time. 

Tension. 

Time. 

Tension. 

Min*. 

Grammes per cm. 1 

Mins. 

Grammes per om. 1 


8 26 x 10* 

13-45 

4-94 x 10* 

1-10 

8 02 x 10* 

15-32 

4-70 x 10* 

1-38 

7-70 x 10* 

17-22 

4-46 x 10* 

1-80 

7-56 x 10* 

19-50 

4-22 x 10* 

9 *26 

7*31 x 10* 

21-66 

3-96 x 10* 

2 03 

7 07 x 10* 

24-40 

3-75 X 10* 

3-65 

6-84 x 10® 

27-00 

3-51 x 10* 

4-46 

6-60 x 10* 

30-62 

3-28 x 10* 

6-38 

6-36 x 10* 

34-80 

3-04 x 10* 

6-43 

612 x 10* 

39-80 

2-80 X 10* 

7-60 

6-80 x 10* 

46-20 

2-56 x 10* 

sea 

6-65 X 10* 

06-30 

2-32 x 10* 

10-26 

1105 

5 41 x 10* 

5-17 X 10* 

71-25 

2-09 x 10* 


The half-tension time for the preceding results is 11*7 minutes. It is well 
known that wool is disintegrated in dilute caustic soda solution, but its 
increased plasticity in N/100 sodium carbonate is not due to any permanent 
chemical decomposition, for a similar fibre to the preceding, left 24 hours in 
the solution and then washed in running water for 1 hour, gave a half-tension 
time of 176 minutes in water. 

(c) Neutral Saks .—By analogy with the properties of proteins m general, 
it is to be expected that the swelling of wool in water will be increased by the 
presence of neutral salts in solution. The plasticity of wool should lie greater 
in a solution of common salt than in water, and still greater in a solution of 
potassium sulphocyanide. Elastic relaxation was studied in N/10 NaCl 
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solution and in a saturated solution of KCNS at 25° C., but no significant 
alteration of plasticity could be detected. Typical data are given in Table IX, 
and the half-tension times were 104 minutes (NaCl) and 131 minutes (K0N8). 


Table IX. 


Fibre Diameter: 39*3 p. 
Extension: 37*5per cent. 
N/10 NaCl solution. 


Fibre Diameter: 42*5 p. 
Extension: 42*1 per cent. 
Saturated KCNS solution. 


Time. 

Tension. 

Time. 

Tension. 

Mint. 

Grammes per cm.* 

Mina. 

Grammes per cm.* 

0 *88 

11*00 

X 

10 * 

M2 

8-74 X 

10 * 

1*10 

10-80 

X 

10 * 

1*30 

8*06 X 

10 * 

1-60 

10*57 

X 

10 * 

1*68 

8-37 X 

10 * 

*07 

10*30 

X 

10 » 

2*15 

8-18 X 

10 * 

2*80 

10*12 

X 

10 * 

2*86 

7*99 X 

10 1 

2*70 

9*91 

X 

10 * 

3*60 

7*80 X 

10 * 

4*80 

9*68 

X 

10 * 

4*86 

7*81 X 

10 * 

0-88 

9*47 

X 

10 " 

0-48 

7 - 4 * x 

10 * 

817 

8-24 

X 

10 * 

8-63 

7*24 X 

10 * 

10-40 

0-03 

X 

10 * 

11-16 

7 -06 x 

10 * 

13-16 

8-80 

X 

10 * 

14-86 

0-80 X 

10 * 

10-36 

8*59 

X 

10 * 

10-20 

0-07 X 

10 * 

20-40 

8*80 

X 

10 * 

43-40 

0*10 X 

10 * 

30 00 

7-92 

X 

10 * 

66 30 

6-01 X 

10 * 

43-46 

7-48 

X 

10 * 

72 20 

0-73 x 

10 * 

80 06 

7-20 

X 

10 * 

1093 

3-18 x 

10 * 

60 

7-04 

X 

10 * 




1130 

1 46 

X 

10 * 





(d) Colour Adda .—A sample of Cotswold wool was dyed with 2 per cent, of 
its weight of the acid dye tartrazine, in presence of sulphuric acid and sodium 
sulphate. The sulphuric acid absorbed by the wool was removed by washing 
in running water and elastic relaxation of extended fibres then studied in water 
at 25° C. The half-tension times of a number of fibres varied from 300 to 
1750 minutes, and, although in every case the time was greater than for 
Untreated wool, the irregularity of results iB surprising. It must be referred to 
the irregular absorption of dye by different fibres. Typical results for a fibre 
having a half-tension time of 496 minutes are given in Table X, together with 
data for an untreated fibre in water at 25° C. for comparison. 
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Table X. 


Fibre Diameter: 37(x. 
Extension: 39 per cent. 
Dyed with Tartrazine. 


Time. 

Tension. 

Mbu* 

Oram met per cm. 1 

0*75 

10 08 x 10* 

116 

9-82 x 10* 

2-00 

9-57 x 10* 

3*26 

9-83 x 10* 

6*60 

9-08 X 10* 

8*66 

8*83 X 10* 

13 20 

8*68 x 10* 

18*96 

8*33 x 10* 

20*95 

8*09 X 10* 

36*86 

7*83 x 10* 

49*80 

7 69 X 10* 

06*36 

7*34 x 10* 

116-95 

6*84 X 10* 

187*00 

6 34 X 10* 


Fibre Diameter: 30*2 |l 
E xtension: 38*6 per cent. 
Untreated. 


Time. 

Tension. 

Mint. 

Gramme* per cm.* 

1*65 

9*46 X 10* 

2 46 

9-18 x 10* 

3*73 

8*90 x 10* 

6*16 

8*68 x 10* 

7*66 

8*36 X 10* 

10-00 

6-08 x 10* 

13*70 

7*80 X 10* 

17*60 

7*68 X 10* 

23 00 

7*26 X 10* 

29*06 

6*98 x 10* 

36*66 

8-70 x 10* 

44*40 

6-43 X 10* 

66 20 

6*16 x 10* 

66 60 

5*88 x 10* 

81 36 

6 60 X 10* 

07 00 

5*33 X 10* 


It is obvious that the plaatioity of wool in water is reduced by combination 
with an acid dye. Similar experiments were earned out with Cotswold wool 
dyed with picnc acid, their object being to dispense with the use of sulphuric 
acid and to discover whether combination of wool with large quantities of 
colour acid was capable of eliminating plasticity. One gramme of wool was 
boiled for 40 minutes with 0-3 gramme of picric acid dissolved in 600 c.c. of 
water. The elastic relaxation of the heavily dyed fibres was studied in water 
at 26° C. Far moTe uniform results were obtained than before, and in every 
case plasticity was almost entirely eliminated. During the time the fibre was 
laid stretched in water, however, picric acid was gradually washed out of the 
wool and, when sufficient had been removed, plasticity again developed. 
This phenomenon is well shown by the data of Table XI. 
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Table XI.—Fibre Diameter: 46*6 p. Extension: 38*3 per cent. Dyed with 

Picric Acid. 


Time. 

Teuton. *■ 

Time. 

Teuton. 

Mina. 

Grammes per cm. 1 

Mina. 

Grammes per om.* 

100 

9-57 x 10* 

26-55 

7-86 X 10* 

1-35 

9*43 X 10* 

35-35 

7*60 X 10* 

1-95 

e ae x 10 1 

46-40 

7-54 X 10* 

2-08 

9-11 X 10* 

59-90 

7*88 X 10* 

3-55 

8*95 X 10* 

76-56 

7*23 X 10* 

463 

8-80 X 10* 

93-70 

7*00 X 10* 

025 

8-63 X 10* 

114-85 

6-tt X 10* 

8*00 

8-49 x 10* 

135-40 

6-78 X 10* 

10-70 

8-31 X 10* 

333-00 

fl-81 X 10* 

14-47 

817 x 10* 

1587 

8-08 X 10* 

20-05 

8-01 X 10* 

5748 

1*48 X 10* 


(e) Formaldehyde and Quinone .—By the action of formaldehyde, proteins 
are converted into compounds which do not swell or dissolve to any marked 
degree in water. The reduction in swelling power is equivalent to a reduction 
in plasticity, and it is to be expected that formaldehyde will reduce the 
plasticity of wool in water. The action of formaldehyde on wool was studied 
by immersing fibres in 40 per cent, formaldehyde solution at 25° C., and 
determining the rate of decay of tension in the same solution. It was not found 
possible to extend fibres beyond 36 per oent. without rupture, and the data 
given in Table XII are not therefore comparable with those given previously. 


Table XII.—Fibre Diameter: 37 • 7 (x. Extension: 30*4 per cent. 


40 per cent. Formaldehyde Solution. 


Time. 

Teuton. 

Mins. 

Grammes per cm,* 

0-97 

10*68 x 10* 

1*68 

10*81 X 10* 

2-60 

10 -10 X 10* 

4-60 

9-83 X 10* 

8-15 

9*61 x 10* 

15-45 

9-36 X 10* 

26-55 

9 *13 X 10* 

45-25 

8-89 X 10* 

75-65 

8-04 x 10* 

190 55 

8-16 X 10* 


A linear relationship holds between tension and the logarithm of time, 
indicating the disappearance of fibrillar plasticity. A similar reduction of 
plasticity was obtained when wool was treated with quinone in aqueous solution. 
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(/) Nitrous Add .—When wool is treated with nitrous acid, nitrogen is 
evolved by the replacement of amino by hydroxyl groups, and at the 
time nitroso compounds are formed (9) by reaction with imido groups. The 
product of the reaction is commonly known as “ diazotised wool.” A sample of 
“ diazotised wool ” was prepared by immersing Cotswold wool in a solution 
of sodium nitrite acidified with acetio acid. After 24 hours the wool was 
removed and washed free from acetio acid in r unning water. The rate of decay 
of tension in extended fibres was determined in water at 25° C., typical data 
being given in Table XIII. 

Table XIII.—Fibre Diameter : 37*7 p. Extension: 40*7 per cent. Nitrous 

Acid. 


Time. 

Tension. 

Minn. 

Grammes per cm. 1 

1 10 

10*78 x 10* 

1*00 

10*01 x 10* 

3*25 

10*28 X 10* 

0-30 

10 02 x 10* 

000 

9*79 x 10* 

13*00 

9*00 x 10* 

22*10 

9*29 x 10* 

32 10 

9 00 x 10* 

48*80 

8*81 x 19* 

66 00 

8-06 x 10* 

08*63 

8*31 X 10* 

1476 

6*24 X 10* 

2800 

0*11 x 10* 


The results obtained with different fibres were remarkably uniform, the 
half-tension time being more than 24 hours, and the reduction in plasticity 
extremely well marked. 

Theoretical. 

9. The most striking feature of the preceding study of the action of chemical 
reagents on wool is the generalisation to which it gives rise: that those reagents 
which react or combine with amino or imido groups without causing hydrolysis 
reduce the plasticity of wool in water. It is well known that wool treated with 
formaldehyde, acid dyes or nitrous acid has a reduced adsorptive capacity for 
water. Trotman (10), for example, found that at about 60 per cent, relative 
humidity the adsorptive capacities of wool combined with paraformaldehyde 
and formaldehyde were only 59 per cent, and 77 per cent, respectively of 
that of untreated wool. There is therefore every indication that plasticity 
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is induced by the affinity of amino and imido groups for water, and is prevented 
by converting these groups into forms incapable of water adsorption. 

The characteristic linkages between the constituent amino acids and 
molecules of wool are the — CO — NH — or peptide groups, which are not all 
equally stable in water. Those produced by the polymerisation of wool during 
drying will be readily hydrolysed by water, while those which form an integral 
part of the structure of the wool “ molecule ” can only be hydrolysed by the 
action of more powerful reagents, such as caustic soda. When water is 
adsorbed by dry wool, unstable compounds of the type 

H 

R t —CO—NH—R g 

in 

are probably formed, and the field of force surrounding each group is reduced. 
Free amino groups must form similar compounds, and for these two reasons 
at least the resistance of wool fibres to extension will decrease with increasing 
water adsorption, as is found by experiment (Table IV). At high humidities, 
and especially m presence of liquid water, there will be an increasing tendency 
for adsorption compounds of the type 

H 

I 

R x —CO—NH—R, to transform into R t —COO—NH 3 —R t , 

OH 

followed by actual division of the molecule into R^OOH and R|NH a in the 
case of the less stable linkages. Each of these transformations will produce 
a corresponding reduction in the affinity between molecules and a greater 
tendency to plasticity. 

The succession of changes thus postulated is initiated by adsorption of water 
by trivalent nitrogen, and it is evident that any reagent which prevents water 
adsorption will inhibit further degradation and plasticity. Thus in solutions 
of inorganic acid, trivalent nitrogen combines with acid at the expense of 
water, and such displacement will be greater the greater the concentration of 
acid. Similar considerations apply to colour acids, and in both oases the 
reduction of plasticity will increase with the amount of acid combined. This 
is exactly in accordance with experiment. 
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In preaenoe of alkali, on the other hand, the whole tendency will be towards 
increased plasticity, on account of the following series of reactions:— 

R 1 _CO—NH—R, + NaOH —- R x —C(ONa) — N—R, 

+ H t 0—►R l COONa + R a NH a . 

When all the alkali is removed ty washing, the two amino acids are free to 
re-combine, and no permanent change need occur if degradation is confined 
to the polymerisation linkages. 

The action of formaldehyde in reducing the plasticity of wool is dual in 
character. The molecular structure is strengthened by the formation of 
condensation products between contiguous —CO—NH— groups, and at 
the same time the affinity for water is reduced, preventing the formation of 
successive degradation products. The reaction may be represented as follows: 

R-CO-N-R. 

I 

2 Rj—CO—NH—R a + CH a O —► CH, + H,0. 

Ri—CO—N—R # 

The reduced plasticity of “ diazotised wool ” appears to be due to the 
formation of nitroso compounds having a reduced affinity for water : 

Ri-CO—NH—R a + HONO —►Rj—C-0—N—R 2 + H a 0. 

0 = N 

Free amino groups are, of course, reactivo with all the above reagents which 
oombinc with imido groups. It is, however, difficult to see what part reactions 
with amino groups can play in preventing plasticity. The free amino groups 
in wool must have a greater affinity for water than the imido groups, and will 
combine with water at lower humidities. It is significant that plasticity is 
developed only at high humidities. Adsorption of water by amino groups 
produces a weakening of the fibre by reducing the field of force surrounding 
each group, but combination with acid instead of water should produoe a 
similar weakening. 

Similarly, when wool is treated with nitrous acid, amino groups are replaced 
by hydroxyl groups, but such replacement can hardly increase the attraction 
between molecules. The introduction of methylene groups into wool by the 
action of formaldehyde on amino groups is still less likely to reduce plasticity. 
While, therefore, such reactions with amiuo groups may reduce the hygrosoopic 
capacity of wool, it is highly improbable that they are effective in reducing the 
fibrillar plasticity of wool in water 
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Summary. 

1. The elastic properties of wool are those of a structure consisting of 
elastic and plastic elements arranged in parallel. 

2. Wool fibres in water are imperfectly elastic owing to the plasticity and 
rupture of fibrillm within the constituent cells. 

3. The fibrillar plasticity of wool in water is due to hydrolytio changes 
associated with the peptide linkages. 

4. The plasticity of wool can be reduced by those reagents which react or 
combine with iroido groups, reducing their affinity for water and inhibiting 
hydrolysis of the peptido linkages. 
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Artefacts as a Guide to the Chemistry of the Cell. 

By C. E. Walkkb, D.So. 

(Communicated by Sir John Farmer! F.R.S.—Received June 19, 1928.) 

(From the Department of Cytology, University of Liverpool.) 

[Platis 9 and 10 ] 

At the end of the account of some observations offering a possible explana¬ 
tion of the appearances known as “ Golgi bodies and apparatus ” in fixed 
material, which were published last year (‘ Roy. Soc. Proc.,’ B, vol. 101 (1927)), 
I suggested that a way might thereby be opened to the investigation of certain 
processes of metabolism within the cell. The difficulties in the way of mnlring 
any further step were considerable. As was then pointed out, not only does 
the lipin content of the cells of different tissues vary greatly, but it varies also 
in s imil a r cells under different physiologioal and pathological conditions. 
Now, as then, I refer mainly to lecithin and kephalin. Moreover, the method 
described in tho paper referred to depends upon the degree of unsaturation 
of the fatty acids of the lipins, and this again is highly variable, even in similar 
cells, under different physiological conditions. 

If the interpretation of the observations given last year be correct, then the 
variations in the appearances in fixed material known as “ Golgi bodies ” is 
amply accounted for by these variations in the lipm content of the cells both 
as regards quantity and degree of unsaturation. 

Some attempts were made to make standardised preparations of lecithin 
and kephalin, and to compare the effects produced by the osmic acid method 
of demonstrating “ Golgi bodies” upon mixtures containing them, with 
similar appearances produced by similar methods in the cells of various tissues. 
To make such comparisons of any value it would have been necessary to 
produce at least the lecithin and kephalin used in the mixtures, of a definite 
degree of purity and unsaturation. Owing partly to the limited means at my 
disposal and partly to tho inadequacy of available knowledge with regard to 
the lipins, and to the difficulty of. preventing them becoming saturated or 
oxidised during the process of isolation, these attempts were unsuccessful. 

The line of investigation eventually followed was suggested by the great 
changes described as occurring in the “ Golgi bodies ” and apparatus as the 
result of different diseases and injuries. Modifications in these appearances 
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are described in the cells of oanoer (Veratti, 1909; Savaguone, 1910; Tello, 
1918; and others); as following the section or injttry-of nerves (Martinotti, 
1904; Marcora, 1910; Ram6n y Cajal, 1910 ; Penfield, 1921, and others), 
as being produced in the oells of certain glands in animals suffering from 
phosphorus poisoning (E. V. Cowdxay, 1924), and in many other conditions.* 

The difficulties in the way of this particular investigation are no less, but 
sometimes greater in most of these cases, than in the case of normal oells; 
but phosphorus poisoning seemed to offer an opportunity not given by the 
others. Here only was a definite chemical cause of difference between the 
cells, whioh might possibly be reproduced artificially in the mixtures. In the 
other cases there exists little or no suggestion as to what the chemical changes 
in the cell may be, and none at all as to the possibility of reproducing them. 
As the method of making standard mixtures for the purposes of comparison 
was to me impracticable, it seemed that the next best thing to do would be 
to try to reproduce in the mixtures, by empirical experiments, modifications 
known to follow phosphorus poisoning in the cells of the organs of the animal. 

E. V. Cowdray (1923, ‘ Science,’ vol. 68, pp. 1-7, and ‘ General Cytology/ 
1924) describes changes which occur in tho Golgi apparatus of the cells of the 
pancreas in the guinea-pig as the result of phosphorus poisoning. (Plate 
9, see figs. 1 to 6.) 

These changes are quite striking and distinctive. They are described by 
Cowdray as “ disintegration (of the ‘ Golgi apparatus ’) but no migration of 
fragments into peripheral cytoplasm.” His figures are very suggestive. 
They show a decrease in the black (osmioated) “ Golgi apparatus ” which 
ohanges from a thick anastomosing net near the nucleus, into a few little black 
specks. As this change in the black staining material goes on, it seems to 
me that there is an increase in definition and also in volume of a number 
of what appear in the figures to be vacuoles. These vaouoles seem to coalesoe 
in the later stages, and to be clearly defined, remaining perfectly free of all 
darkening after prolonged treatment with osmic acid. I have repeated these 
experiments of Cowdray’s and obtained similar results. 

If the Golgi bodies and apparatus be, as I believe, simply the lipin content 
of the cells separated out from the rest of the constituents by the methods 
used in fixation, then these appearances produced in the oells of the animal 
by phosphorus poisoning suggest very strongly that one of the effects is to 
saturate the fatty acids, at any rate in the cells examined, for if the fatty adds 

* All quoted in “ Pathology of the Golgi Apparatus.” Cowdray, * General Cjytdlogy/ 
pp. 347-9. Chicago University Press (1924). 
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be saturated or oxidised the lipins and fats will not blacken when treated with 
oamie acid These structures which have the appearance of vacuoles I take to 
be simply globules of lipin or fat of which the fatty aoids are saturated While 
poisoning is produced only by yellow phosphorus, and not by phosphorus 
in any other form whether in combination or not it did not seem probable 
that the changes in the individual cells could be due to the direct action of 
yellow phosphorus but to some combination formed in the body and earned 
to the cells A number of substanoes were tried 
Various amounts of sodium hypophosphite and other compounds of 
phosphorus were added to those mixtures which produce appearances similar to 
the Golgi apparatus when treated in i suitable manner (Op at supra) 
These mixtures were kept 'it a temperature of 30° C for varying periods and 
then films were made suitably fixed and treated with osmic acid None of 
theso experiments produced any sti iking results The addition of sodium 
hypophosphite produced a certain amount of saturation of the fatty acids but 
nothing approaching the drastic changes evident in the cells examined 

Eventually I found that yellow phosphorus is freely soluble in methyl 
myristate and methyl laurate, which are what 1 used to form the artificial 
nuclei in my mixtures Instead of using these in a pure form in making the 
temporary emulsions to add to the mixture s I use d myristate and laurate in 
which phosphorus had been dissolved The results were very striking when 
the mixtures with and without phosphorus were compared 
With the particular mixtures used * when no phosphorus was present the 
hpins took the form of coiled up threads loops and small masses which blackened 
with osmic acid (figs 7 and 8) There were some cases in which the lipins 
appeared to have penetrated the globules of myristate or laurate (fig 9 
Plate 10) This is the same result as was described last year 
When mynstate or laurate in which phosphorus had been dissolved was 
used and the mixture kept at a temperature of 30° C for two hours the 
appearance after fixation and treatment with osmio acid was quite different 
A considerable proportion of the lipins appeared to be collected upon the 
surface of the globules in small masses joined by a network The structure 
of both the masses and network was granular in appearance (Plate 10, see figs 10 
and 11) The phosphorus is more freely soluble in the laurate than in the 
myristate, and the appearanoes were more striking when the former than when 

* Gelatin, 2 per oent egg white, S per oent lecithin (commercial B D H ), 0 3 per 
oent , sodium ohlonde 0 0 per oent peptone, 0 5 per oent , methyl myristate or 
1 aorate, 0 S per cent 
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the latter was used in the mixture, but in both oases about 80 per cent, of the 
globules examined showed the material blackened by the osmio acid dis¬ 
tributed upon their surfaoes in the manner described, whereas this position was 
never taken by tho lipins in the control films made at the same tune with the 
same mixture without the phosphorus dissolved in the mynstate or laurate. 

A great point is made by some observers of the constant position of the 
“ Golgi apparatus ” in certain cells m relation to the nucleus It would seem, 
judging by the observations just described, that this is not incompatible with 
the interpretation of the “ Golgi apparatus ” as being the lipin content of the 
cell separated out by the methods used in fixing the material, for if the 
presence of phosphorus m the globules of mynstate and laurate can determine 
the relative position of the separated lipins and globuleB, there may well be 
many conditions of the nucleus which would produce a similar effect 

If the mixtures are kept at a temperature of 30° G for a longer period, the 
fatty acids are apparently gradually oxidised Films made after 24 hours at 
30® C show little or no matenal that blackens under treatment with osmio 
aoid after fixation Instead we find groups of structures having the 
appearance of vacuoles, frequently adjaoent to the globules of mynstate or 
laurate In some oases there are a few black granules among them The 
appearance is generally similar to that found in the cells in the later stages of 
phosphorus poisoning (figs 13 to 16) 

There were certain appearances m the mixtures kept at 30° C which suggested 
that they might have been infected with some micro organism, and that the 
changes described might be due, m part at any rate, to the action of these 
and not to the interaction of the Jcnown oontents The experiments were 
repeated, with special precautions at each stage, to ensure that the mixtures 
were sterile and culture tubes were inoculated from each at the same time 
that films were made Only those films have been described which were 
shown to have been made from sterde mixtures 

After about 40 hours at 30° C changes took place in the mixtures whioh were 
unlike anything described as occurring in cells After 4 days the appearance 
presented by the fixed and osmicated film was that of globules of mynstate or 
laurate m a practically homogeneous matrix The matrix was dark m the 
case of the mixtures without phosphorus, and pale yellow m the mixtures 
which contained mynstate or laurate m whioh phosphorus had been dissolved. 

While I have no doubt as to the accumulation of the lipins on the surfaoe 
of the globules which contain phosphorus as described above, and the absence 
of this phenomenon in the same mixture in which the phosphorus is la/dring , 
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ft ft necessary to point oat that a somewhat similar accumulation has occurred 
in other films with which I have experimented Last year I described and 
figured a similar appearance (op at supra) In fig 12 a globule with the hpina 
distributed on the surface is shown but m these cases I have been unable to 
ascertain what circumstances determine the position of so large a proportion 
•f the lipina It appears to occur in only a few globules in any film and to be 
more likely to happen when kephalin is the preponderating hpin The 
appearanoe is not quite like that produced by the presence of phosphorus, 
where such a large proportion of the globules have the lipinB distributed on 
their surfaces 

The facts ascertained seem to be that the presence of yellow phosphorus in 
solution in the mynstate or laurate causes the hpina m this particular mixture 
to accumulate on the surface of the globules when a film is made and fixed 
after a period of about two hours at a temperature of 30° C wh lc where no 
phosphorus is present the lipins are collected elsewhere A further period 
at 30° C causes saturation of the fatty aoids of the lipins and also appears 
to cause them to collect in globule s on fixation In view of these observations 
it seems quite possible that the behaviour of the lipins m fixed preparations of 
oells may be duo to a reaction produced by something m the nuoleus of the 
living cell 

It is certain that chemical as well as physical changes are produced in most 
of the constituents of the cell by fixation and that these changes will vary 
according to the fixative used Hence it is difficult to estimate the value of 
any appearance produced in microscopic specimens by treatment applied 
after fixation is complete In the case of these experiments however the 
position of the lipins m relation to the globules appears to be determined 
by the action of the fixative on the mixture and varies in one case at any rate, 
with th< presence or absence of a substance in the globuk whioh reacts on the 
surrounding medium These experiments suggest also that a change in the 
behaviour of the lipm content of the cell may be produced bv a reaction from 
within the nucleus 

As has already been stated the bpins appear to be collected on the 
surfaoes of about 80 per cent of the globules after fixation if the mixtures 
containing mynstate m which phosphorus has been dissolved are used In 
the absence of phosphorus this happens only in the case of a few of the 
globules and then the arrangement of the lipins differs considerably When 
the phosphorus is absent the overwhelming proportion of the lipins in fixed 
preparations is found m the neighbourhood but not on the surface of the 
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globules, bat the results have varied m so emtio a maimer m different MA 
prepared from similar mixtures and treated, m apparently the same Way, 
that I am not m a position to suggest any other causes controlling them 
differences or the proportionate numbers of different distin g u i sha ble 
appearances though such causes must exist 

The method suggested by these experiments of investigating the nature of that, 
chemical and physical changes which undoubtedly oocux w individual cells in 
various physiological and pathological conditions differs from those used 
by Fischer Hardy Batschli Gustav Mann and others Their investigations 
have explained much with regard to the physical appearances produced by 
fixation and with regard to the micro chemistry of various methods of staining 
AH this however is of a different nature to the method I suggest We are 
dealing with a number of variable and unknown factors and the best we can 
claim for what is found in fixed material, both before and after staining is that 
the appearanoss have been produoed by the action of certain reagents upon cells 
Constant differences in such appearances m similar cells after similar treatment 
may be attributed to variations of physiological state or to definite pathological 
conditions 

So fax however no information is thus obtained as to the differences of 
physiological state or as to the changes due to pathologioal condition But 
now it is suggested that by applying to films or drops of experimental mixtures 
of materials representing possible chemical cell contents the same methods of 
fixation and staining as are used in dealing with the cells themselves similar 
microscopic appearances found in the two different cases may help to identify 
the nature of the new chemical condition which is responsible for this appearance 
within the cells Thus the addition of phosphorus to the gjlobules representing 
nuclei has reproduced two changes m appearance that occur m cells and it 
may be that by varying the mixtures and obtaining other reproductions of 
appearances occurring in cells under certain conditions some evidence as to the 
chemical changes and how they occur in individual cells in different physio 
logical and pathological conditions may be secured 

Conclusions 

When a oell is fixed the position and arrangement of the bpins m relation 
to the nucleus are probably due to or are influenced by some chemical change 
m the nucleus 

When methyl myristate or methyl la urate in which yellow phosphorus has 
been dissolved are added in the form of an emalsion to certain colloidal mixtures 
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wad kvpt at a temperature of 80° 0 the zmoroecopio appearances presented on 
fixation and treatment with osnuc acid show that in about two hours a large 
proportion of the lipine are distributed over the globules while after about 
*34 hours most of the fatty acids of the lipms have become saturated or oxidised 
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DESCRIPTION OF PLATES 
Plat* 9 

Flos 1-6 —(Copied from General Cytology Chicago University Press 1924 by per 
mission of Dr E V Cowdray Illustrating the effect of phosphorus poisoning) 
Cells from the pancreas of the guinea pig prepared by Kopeoh ■ method Blackening 
of the Golgi apparatus and its pr ogr essive disintegration and final disappearance 
Fig 7**—Film Gelatine 2 per oent egg white 6 per cent lecithin (commercial 
B D H ) 0 3 per cent sodium ohlonde 0 6 per oent Witte s peptone 0 6 per 
oent methyl laurate m temporary emulsion 0 5 per oent m water Film fixed 
with Mann s fluid Osmic acid 2 per oent 4 days 
Fig 8 —Film As fig 7 

Plate 10 

Fia 0 —Film As hgn 7 and 8 

Fig 10 —Film As fig 9 but with yellow phosphorus dissolved in methyl laurate and 
mixture kept for 2 hours at 30° C before film was made 
Fig 11 —Film As fig 10 

Fig 12 —Film Egg white 7 25 per oent gelatine 1 per oent peptone 0 5 per oent 
kephalin 0 2 per oent (prepared as described in Roy Soo Proc B vol 101 1927 
p. 481) m water Mann Oa0 4 2 per cent 4 days 
Fig 13 —Film As fig 10 but mixture kept for about 20 hours at 30° C before making 
film 

Fig 14 —Film As fig 12 but methyl mynstate used instead of laurate 

Flo 16 —Film As fig 12 but kept at 30 C for 30 hours 

Fig 19 —Film As fig 12 but kept at 30 C for 36 hours 

Not* —A saturated solution of phosphorus was made in the methyl mynstate and laurate, 
and this was diluted to 1 m 8 
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Bioloqioai Section 

It was shown m a former paper ( Roy Soc ProcB vol 96, p 317) that 
a number of derivatives of ammo anilquinohne acted as powerful antiseptics, 
being especially potent against B ooli The present communication forms a 
continuation of this Work, and describes further compounds of the same general 

typef 

Antiseptic power was estimated as described in the previous paper (loe cU ) 
The results there recorded pointed to a tendency towards increased antiBeptio 
action as the mass of the molecule was augmented provided that the 
“ alternate linkage system ” was preserved intact 

In the anil series the 6 methylquinolme compound (48) was more active 
than the unsubstituted anil (47) and the |J naphthoquinoline derivative (52) 
was still more potent Again the higher acylammo compounds (66-69), as 
well as the acetylamino derivative itself (59) were very powerful antiseptics 
The same tendenoy is also apparent when the unsubstituted ammo ami (41) 
is compared with the corresponding 6 methyl derivative (42) 

It appeared of interest therefore to prepare further compounds of larger 
molecular mass 

Variation of the Quinoline Nucleus 

Little oould be done in the direction of increase of mass of the quinoline 
nucleus owing to limitations of solubility The comparatively low activity 
of some of the substances prepared eg, No 98 may be partly due to this 
oause The urethane derivatives (95 96 97) may be regarded as developments 
of the acetylamino quinoline compounds previously described (58-69), and they 

* The work reported m this communication was done with the support of the Medical 
Research Council 

t The numbers and tables follow those previously published 
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exhibit the very powerful antiseptic action characteristic of this group There 
is practically no difference between the potency of the methyl and ethyl esters 
As will be observed quinaldylurethanes have produced exceedingly active 
substanoes when condensed with other mtroso compounds (111 114 117) 

The phenyl uramido compound (98) showed only a weak action but its 
solubility is low The acetylammo (3 naphthoquinoline compound (99) 
although rather insoluble has a fairly powerful action on Staphylococcus aureus 
outside the zone of precipitation but differs from most of the amis in itB 
comparatively weak action on B colt whereas the corresponding unBubstituted 
(3 naphthoquinoline compound (52) is very active 

Variation of the Benzene Nucleus 

The solubility factor also interferes to some extent with efforts to increase 
the mass of the benzene portion of the molecule but in certain cases very 
powerfully antiseptic compounds have been obtained of a satisfactory degree 
of solubility Various mtroso compounds have been condensed with 
quaternary salts of 6 methylqumaldine (3 naphthoqumaldme 6 acetylammo 
quinaldine and ethyl quinaldyl carbamate these being the intermediates 
which gave nee to the most potent substanoes m the dimethylamino anil 
series The particular quinaldine derivative selected was determined in some 
cases by the solubility of the final product 

The addition of further aromatic nuclei to the benzene nucleus does not appear 
to be effective since the compound derived from mtrosoethylbenzylamline (100) 
was relatively weak against B colt in serum and that prepared from p mtroso 
diphenylamine (101) was inactive throughout (compare with 116) Similarly, 
the condensation products of nitrosodimethyl and diethyl naphthylamines 
had only slight action (102 103 104) The di anils denved from dimtroso 
diphenylpiperazme (105 106) were weak especially against B coli 
The cydo hexyl compounds (107 108) however where the additional 
nucleus is reduced and assumes an aliphatic nature were considerably more 
active as Bhown by comparison of 108 with the corresponding phenyl 
compound (101) Very potent substanoes were obtained from p mtroso 
tetrahydro quinoline and p mtroso methyl tetrahydro quinoline (109 114) 
where the additional nucleus is again reduoed In view of these observations 
it is proposed further to examine the higher alkylated derivatives of the amino 
amlqtunolines 
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Nature of the Basie Group in the Benzene Nucleus. 

It was noted in the previous paper that the substitution of a tertiary for a 
primary basic group in the benzene nucleus increases the antiseptic action 
(compare Tables IV and V). On comparing compounds prepared from nitroso- 
tetrahydroquinolwe, in which the basio group is secondary, with similar 
derivatives from nitrosomethyltetrahydroquinoline, where the basic group is 
tertiary, it is seen that there is no significant difference in activity. For further 
comparison, the corresponding monomethylamino anils were prepared, and 
were found to be as potent as the dimethylamino compounds (compare 115, 
02 ; 116, 59; 117, 97). Thus it is evident that in this group of compounds 
the distinction, as regards antiseptic potency, lies between those containing, 
on the one hand, a primary basic group, and on the other, a secondary or tertiary 
group, in the benzene nucleus. 

Chemical Section. 

The anilquinoline compounds were all prepared by the general method of 
condensing the appropriate nitroso compound with the quaternary salt of the 
quinaldine derivative, in alcoholic or aqueous-alcoholic solution, as described 
in a former paper (‘ Journ. Path, and Bact.,’ vol. 27, pp. 121-22 (1924)). 
In most cases a small quantity of piperidine was used as condensing agent, 
but the nitroso compounds of dimethyl- and diethyl-a-naphthylamme condensed 
readily without the addition of piperidine. In some instances (100,103, 109, 
112, 115) better yields were obtained by condensation with the methiodide 
of the quinaldine derivative, the methochloride or methoacetate being subse¬ 
quently prepared by boiling in alcoholic solution with the appropriate silver 
salt. In preparing the phenyluramido compound (98), the metho-acetate was 
condensed, the product crystallising well from the alcoholic solution. 

Like the amis previously described, the products were obtained in well-formed 
crystals, usually prisms or needles, showing a blue or green reflex, and gave 
blue or violet solutions in alcohol, the aqueous solutions being somewhat 
redder in appearance. 

Intermediate Compounds. 

The preparation of some of the intermediate compounds has already been 
described (‘ Roy. Soo. Proo.,’ B, vol. 96, p. 317). The following may be 
mentioned in addition:— 

Methyl and ethyl quindldyl carbamates were made by the action of methyl 
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And ethyl chloroformates on 6-ammoquinaldine m chloroform solution The 
mixture was warmed on the water-bath for one hour, a yellow crystalline 
precipitate of the hydrochloride of the carbamate being formed The base 
was obtained by the addition of ammonia, and crystallised from dilute methyl 
alcohol m colourless prisms or needles The methyl ester melted at 182-3°, 
and the ethyl ester at 160 6° The former could be made satisfactorily by 
leaving the mixture for several hours at room temperature, but heating was 
neoessary with ethyl chloroformate 

Both substances were converted to their methochlorides in the same way as 
6-aoetylaminoquinaldine, described in the former paper 


8 acetylatmno (3 naphthoquinaldtne methochlonde 



7 

KH COCH, 


5 nitro (3 naphthylamine was first prepared by the method desoiibed in 
DEP 67491 (Fnedlander III 608) The mixture was kept at 0° to 6° 
during nitration Several recrystallisations were necessary in order to obtain 
the pure 6 isomer The 6 nitro [3 naphthylamine was condensed with paral¬ 
dehyde in presence of hydrochloric acid by the ordinary Dobner Miller 
method The mixture was heated on the water bath under a long reflux 
oondenser for four hours, with frequent shaking The pale yellow solid first 
formed gradually dissolved, some dark resinous matter being produced The 
mixture was poured into water and the solid filtered pressed, and 
extracted with hot glacial acetic acid with the addition of charcoal From 
the cooled and filtered solution the hydrochloride of the quinaldine base 
separated 

The base itself was obtained by the addition of ammonia and was re- 
crystallised from alcohol It forms almost colourless plates melting at 
166-7° The yield was low, being 20 per cent of the theory The nitro 
compound was reduced with stannous chloride and hydrochloric acid the 
resulting amino derivative being crystallised from dilute alcohol It forms 
minute crystals, melting at 169-70° The acetyl compound, prepared by 
soetylation with acetic anhydride and fused sodium aoetate, was crystallised 
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from dilute alcohol and was obtained m colourless needles of melting point 
235-87° 

0 2070 grm gave 21 3 t o N at 21° and 750 mm 
N = 11 60 per cent 
Ci*H u ON 2 required N — 11 21 per oent 

The methochlonde was obtained in the same way as the corresponding 
qumaldme derivative Methyl p toluenesulphonate could be used instead of 
dimethyl sulphate for methylation and the methochlonde readily separated on 
the addition of bnne to the aqueous solution of either the methosulphate or the 
metho p toluenesulphonate 

6 phenyl uramtdoquuuUdtne was prepared by the action of phenyl tso 
cyanate on 6 aminoqumaldme in chloroform solution at 20-25° The product 
separated on standing and was obtained in the form of fine needles by re 
crystallisation from nitrobenzene It decomposes without melting above 220° 
The methosulphate was made m the usual way by the action of dimethyl 
sulphate in nitrobenzene solution and by addition of sodium acetate to the 
aqueous solution of the methosulphate the metho acetate was obtained and, 
after filtration and pressing was used direct for condensation with p mtroso 
dimcthylamline 

Nttroso Compounds 

The mtroso derivatives of the secondary bases were made in the usual way 
from the nitrosamines by the action of hydrogen chlonde in aloohol or alcohol 
ether solution 

p mtroso rydo hexylaniline crystallises from ether in large blue green 
prisms melting at 91 93° 

The mtroso compounds of the tertiary bases were obtained directly by the 
action of mtrous acid the method of Friedlander and Welmans ( Ber vol 21 
p 3125 (1888)) being used in the case of the derivatives of dimethyl and 
diethyl a naphthylammes 

In the following tables— 

The figures representing antiseptic potencies are the reciprocals divided by 
1000 of the dilutions which produce the effects indicated In the oolumns 
headed precipitation the figures similarly converted record the highest dilution 
within the range investigated at which precipitation occurs in peptone water 
(P) and serum (S) respectively the sign — indicates absenoe of precipitation 
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Table VIII —Vanation in the Benzene Nucleus 
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Introduction. 

Of all protoplasmic functions, the one which is, by tradition, most closely 
linked with our conception of vitality is the function for which the name of 
respiration has been accepted. It might, therefore, well be expeoted that 
every variation of the intensity of the metabolic activity of a cell would be 
correlated with some chango in the respiration of that cell. Before we o&n 
decide whether respiration really holds this position as an index of the integrated 
activities of the cell, we need to accumulate respiration data for different 
types of plant organs throughout their life-history of development, maturity 
and senescence. These data must then be examined aritioally with the hope 
of establishing the nature of the major and minor determinants of the varia¬ 
tions of intensity of respiration. No such collection of data has yet been pub¬ 
lished. The present paper aims at making a contribution to this collection 
and other contributions should follow. 

A good deal of work has already been earned out in the Cambridge 
Botany School upon respiration of evergreen leaves, which continue to exist in a 
state of maturity for very long periods of time. In striking contrast with this 
type of organ is the type of the ripening fruit. The natural biology of the 
two is so different that it is obviously of importance to establish whether 
the same fundamental principles are manifest in both. In the ripening fleshy 
fruit, senescence is the dominant stage of ontogeny. The fruit of the apple. 
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which possesses such striking keeping properties, is most suitable for investi¬ 
gation, sinoe it runs through its ripening senescence at a slow rate. 

An opportunity of taking up such work was provided by the beginning of 
the experimental work of the Food Investigation Board, at Cambridge, under 
Sir William Hardy. The apples made available for us were those that were 
kept in cool storage at about 2*5° C. for the investigations of Dr. F. Kidd and 
Dr. C. West. We are indebted to the Board for a subsidy to enable the junior 
author to devote a year to the investigation presented in this and the follow¬ 
ing papers. 

The Outlook and the Problems .—Our outlook upon these apples has been to 
regard them as a population of individuals slowly progressing m cool storage 
through the metabolic drift which constitutes the senescent and penultimate 
stage of ontogeny, popularly spoken of as ripening. Some biological truths 
of this drift can be brought out by statistical treatment of the population as a 
whole, others only by intensive study of individual behaviour. It is the latter 
aspect that we wished to explore, in order that we might find out what features 
of individual respiration can be held to be capable of physiological interpreta¬ 
tion and which must, at present, be regarded as indeterminable chance 
happenings. 

The nature of the test applied to the respiration of the apple population was 
to toko out of store, throughout a period of eight months, individual apples, 
one by one, and examine the intensity and course of their respiration in air . 
and also, as part of the same enquiry, to subject them to a variety of oxygen 
mixtures ranging from zero to 100 per cent. The survey of the results in air 
are given in the present paper, while those in tV oxygen mixtures are brought 
together in the following papers. 

The previous history of the population was that they were Bramley’s Seedling 
apples grown on fen soil, gathered at tho beginning of October, 1920, and main¬ 
tained m cool storage between 2° and 2*5° C for the investigations of Dr. 
Kidd and Dr. West, to whom our thanks are due for this essential assistance. 
The apples were picked from one orchard at one timo and believed to be a 
homogeneous population, though they had not been gathered or graded under 
scientific supervision. When once brought into store the population is, of 
course, exposed to an extraordinary and quite unnatural uniformity of environ¬ 
ment-no change of temperature or humidity, and no alternation of light and 
dark, for months m succession. One interest of our investigation would be to 
find out how far the population declared itself homogeneous under our physio¬ 
logical tests. 


2 o 2 
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The individual apples were brought to the laboratory under standardised 
conditions and investigated at one temperature only, namely, 22° 0. No 
conscious selection was exercised in taking individuals from store, exoept the 
avoidance of any that were bruised or showed traces of brownness. The 
average condition of the population was, of course, changing with the progress 
of the metabolic drift and this revealed itself by the gradual colour change 
from full green through yellow-green to golden yellow and finally brown. 

Allowing for all this drift, the conclusion was yet forced upon us by the results 
of our work that the population could not be described as homogeneous. 
Clearly, the apples continued to be distinguishable by phyBiologioal characteris- 
tics that differentiated them on the day that they were pioked and put into 
store. The fact that recent differences of environment were negligible as a 
contributory factor to the observed differences of behaviour encouraged us to- 
persevere in the endeavour to explain observed differences in terms of initial 
inherent qualities and temporal physiological drift. 

Our observations of their respiration at 22° C. Were continuous and revealed 
many minutue of difference in behaviour, all of which we have endeavoured 
to bring to account, and either interpret them or formulate problems as to 
their determination. It is at least made dear, that had three or four apples 
instead of one been employed in each experiment, yielding merely average 
results of behaviour, then it would not have been possible to push our analysis 
very far. It is an essential consequence of the metabolic drift in storage that 
results obtained in one month are not repeated exactly in the next. When any 
problem arises in this type of wotk, it is not possible to go back and repeat an 
observation on identical material once more. 

Experimental Methods and Procedure .—The apples were brought from the 
cool store to the laboratory, weighed, and placed singly in a glass respiration- 
chamber of a spherical form, which consisted of two hemispherical domes with 
a wide equatorial flange and two polar tubes as inlet and outlet for the constant 
current of gas, maintained by aspirators through the chambers, at a rate of 
about 1500 c.c. per hour. The chamber halves were waxed together, fixed 
in a weighted frame and lowered into a large'thermostat hath kept at 22° C_ 
The whole of this occupied about 30 minutes; the air currents were then started 
at their proper rate and run for about 90 minutes as a preliminary before- 
estimations were started. There is therefore about 2 hours of respiration in 
all before the point of time that figures as aero time in the reoords. The 
bath temperature generally kept constant within 0*2° C.: there were a few 
misadventures during the nine months' work, whioh are noted in the record* 
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of the individual oases. The current of air passes from the chambers through 
Pettenkofer tubes of standardised baryta, which are arranged as a parallel 
set, and the current is shifted on automatically by clockwork from one tube to 
the next at intervals of three hours. In this way continuous records of the 
production of C0 a can be obtained for an indefinite period of time. In the 
present work some records continue for 16 dayB without a break. 

Each day the used Pettenkofer tubes are lifted out one by one, washed into 
a beaker and titrated with decinormal HC1 and phenolphthalein. They axe 
then refilled and replaced in their frame, ready for the air current to come 
round again. The 00, production is expressed in mgr. CO, per 900 grm.- 
hours. Medium-sired apples were selected from the store, averaging 140 gms.; 
they were weighed again at the end of the experiment; the loss of weight 
averaged 1*5 per cent, per 10 days, the minimum being 0*77 per cent, and 
the maximum 2*09 per cent. The individual eases will be found detailed in 
the Appendix to the next paper. 

The Respiration Records .—In all, 21 experiments, numbered V to XXV, 
were carried out, in that sequenoe, on single apples brought from cool store, 

• from the middle of November, 1920, to the end of June, 1921. The CO, 
production of some was examined in air only, but most were exposed as well 
to the effects of one or other of the following concentrations of oxygen:— 
Zero per cent, (nitrogen). 3 per cent., 5 per cent., 7 per cent., 9 per cent., and 
100 per cent. 0,. 

The work involved nearly 2000 estimates of the CO, of respiration: the 
numbers are not tabulated in this paper but presented in graphic form through¬ 
out. The graphic records of the respiration values of the 21 experiments will 
be found set out in the Appendix to the next paper; these records wifi be 
referred to as the “ General Charts ” of the results. Mostly two experiments 
were carried on concurrently; and where this was so, the two records are 
grouped together in the same chart, one often serving as control to the other. 

In the various section* of this paper, discussing special points, excerpts 
from the general charts bearing on the problem are brought together and 
correlated. In all the charts the ordinates express mg. CO, per 300 grm.- 
hours for the fresh weight of the apple when taken out of cool storage. The 
abscissa are hours of time from the beginning of the respiration measurements. 
Each three-hour measurement is represented graphically by a single heavy 
line, or by three consecutive dots, covering the period of three hours duration. 

The long series of continuous estimations show a constant tendency to’ 
fluctuate up and down. We have thought that the general drift of the 
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respiration is brought out more clearly in our graphic records when wo 
represent it, not by a single median line, hut by two “ contour lines ” which 
are drawn parallel, one above and the other below the range of the fluctuation. 
When a definite numerical value is needed for respiration, it is, of course, 
the value midway between the contour lines that is adopted. 

The Fluctuations .—It is not to be expected that under constant conditions 
the sequence of estimations would give values lying on one steady line, but it 
is clear that the fluctuations that actually occur are much greater than those 
that can be attributed to small random errors of titration, tube-washing and 
manipulation. 

As a striking example of these fluctuations, it has several times been noted 
that, when the respiration is undoubtedly declining generally, as proved by a 
record lasting several days, there may yet occur in the course of it a level 
sequence of no less than four identical readings—covering 12 hours— before 
the falling drift comes into evidence again. Had the record been stopped 
just at the end of this 12 hours it might have been concluded, confidently, that 
the fall had pabsed into a definite level phase. 

The range of the fluctuations indicated by the distance apart of the two . 
“ contour lines ” is about the same in the different experiments when respira¬ 
tion is running an approximately level course, and amounts to 0*7 mg. CO,., 
but occasionally the readings seem to swing with greater amplitude. Apple 
VIII provides a unique case : this was the one apple that developed a patch 
of fungus mycelium, involving a big rise in the respiration. Here the fluctua¬ 
tions became very great and the successive readings were most irregular, which 
we attribute to the irregular growth and activity of the fungus on the apple 
tissue. 

The u An-Line'' When some partial pressure of oxygen, other than that 
of air. is given it will be seen in the various records that the CO a production 
may be cither much increased or much depressed, causing a deflection of the 
double contour bnc which indicates the drift of respiration. At such times 
it is important to know the ratio of this increase or decrease to the magnitude 
of respiration that would have occurred had the apple been kept in air all the 
tune. For this purpose it is necessary to join together the air reoords before 
and after by an interpolation. This is represented in the records as a single 
median line, and not by contour lines. Often these interpolations have to be 
long, and much study of the records has been required to carry them out with 
confidence. 

Joining up the actual air records by interpolations, and sometimes adding 
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extrapolations, we can get a continuous line, which we shall call the “ air-line," 
running right through the experiment and suitable for comparisons and 
controls. 

Respiration in Air . the Special Problems .—-We may conclude this intro¬ 
duction by indicating the chief features and problems presented by the respira¬ 
tion of our 21 apples, when we came to review the records obtained. The 
earliest apples, V and VI, were investigated when they had been in store 
fotr only 30 days; the latest, XXIV and XXV, when they had been stored 
far 260 days. 

' (a) The primary variable was the absolute magnitude of the respiration for 
different apples. Some air-lines started as high as 20 mgr. C0 2 per 300 grm.- 
hours apple while others were as low as 12 mgr. CO a . To some extent the drift 
of those initial magnitudes was temporal, but clearly some other quite different 
factor was involved as well. This complication is to bo examined in the first 
section. 

(b) Apart from differences of pitch the air-lme records were not all of the 
same type. Some declined fairly fast, some kept level for a time and then 
fell, while others rose day after day. The outstanding complication was that 
these different forms did not present themselves os one uniform drift of type, 
as the individuals were examined month after month. The resolution of these 
complications in the form of the drift of the air values is the subject of the 
second and third sections. 

(c) A minor feature that attracted attention was the form of tho air-line 
initially, immediately after heating up from 2*5° C. to 22° C. The rising 
respiration did not simply mount up to the air-line value but in many cases 
clearly overshot that value and then fell back to it. This special disturbance 
of initial rates is examined in Sections IV and V as the “ change of tempera¬ 
ture effect." 

Section I.—The Intensity of Respiration of Apples during the Senescent 

Phase. 

The problem that we have to take up in this section is that of the great 
variation of intensity of respiration shown by apples removed at intervals 
from the cool Btore over a period of eight months. We have 21 cases to 
consider, and the ideal values to work on would be the initial air-line value 
for each case at 22° C. Brought, as they are, from 2*5° C. the respiration rises 
rapidly at first but presently settles down to proceed along the air-line. Extra¬ 
polation of this air-line back to zero hour would give, for each apple, what we 
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may call its ideal initial respiration value. There are certain complexities 
about the early course of observed respiration, which are to be explored in 
Seotion IV, and these affect the estimation of such initial values; but for¬ 
tunately the divergences of the apples one from another are so great that for 
the present section it is a matter of indifference how the initials are arrived at, 
so long as the same method is followed for every apple. We will therefore 
adopt the ideal initial values just mentioned, whioh will be found set out in 
full in column 7 of the table in the Appendix to the next paper. These 21 
initials are represented in fig. 1, plotted against a time axis whioh gives the date 
when each apple was removed from store and the number of days that it had 
existed in store since picking. Clearly the early apples give respiration values 



Fio. 1.—The initial respiration values at 22° U. arranged in chronologies! aeries. The 
time axis gives dates of removal from cool storage at 2 6°. Twenty-one apples were 
examined at 11 dates. The exact dates and respiration values will be found in oolumns 
2 and 7 of the table in the Appendix to the next paper. When two apples at one date 
gave identioal values, this is indicated by the point having a dumbbell surround instead 
of a circle. The serial numbers of the apples are given by the Roman numerals along 
tho top of the figure; the top numeral refers to the apple having the higher respira¬ 
tion value, lines are drawn connecting up the drift of the highest values, and the 
drift of the lowest values. A mean line is added equidistant from the two exlremo 
lines. 

that are lowest of all, after whioh come slightly higher values. Subsequently 
there is great divergence of values, the high values mounting up to over 20 
mgms. in March and falling off somewhat towards June. But all through this 
drift there are occasional occurrences of medium and quite low values. In the 
figure the highest values have been connected up with one line and the lowest 
with another, while & median line has been carried throughout the assembly. 
On this nnanalysed presentation of the data one might conolude that there was 
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a marked tendency for the mean value to rise till about March and then to 
decline somewhat to June. But more marked than the drift of the mean would 
be the enormous increase of the scatter about the mean with progressing ripe¬ 
ness. Another curious feature would be the number of examples that lie on 
the extreme lines and the few that are found on the me dian line, so that the 
whole assembly does not at all resemble one showing a normal scatter of ohance 
divergences about a slowly drifting mean. Could apples really diverge so much 
from one another by unanalysable chance variations then nothing would be 
gained by working with single individual apples. 

Our first progress in the analysis of this complexity came from comparing 
with it the grades of ripeness indicated by the colour of the individual apples 
at the dates when their initial respirations were determined. As the months 
from November to June passed there were of course changes in the appearance 
•of the apples in store. At first, from October to March, all were full green, 
but then the slow progression towards ripeness caused visible change of sur¬ 
face colour, through yellow-green, to full yellow and then on to partial or 
complete brownness. While the whole population of the store was drifting 
through this series of changes it was clear that all individuals were not moving 
at anything like the same rate. In April apples representing all stages from 
green to brown were present. As time went on, more and more apples had to 
be set aside as brown in parts. Most of the apples came to ripeness (yellow 
colour) in April to May, but some were still yellow-green at th“ end of June, 
by which time no pure green apples were left 
The correlation of colour with initial respiratory magnitude for the last seven 
cases first supplied a clue to tho system underlying the irrational distribution 
of values. The earlier cases had led one to associate very low initial respiration 
with unripeness, and high initial respiration with ripening, but when apples 
XXIV and XXV were selected as the two most extreme apples for unripeness 
and ripeness, respectively, to be found in the storo at that date, XXV being 
golden yellow ” and XXIV only just beyond full green, namely, “ yellow 
green,” then it was found that XXV had a low initial respiration value, 14*7, 
while XXIV was high, 18*5. This distinction was supported by the preceding 
apples, for XIX, XX and XXI, with low respiration, had been recorded as 
yellow, but XXII and XXIII, with higher values, as “ green-yellow.” Thus 
low initial respiration is associated with unripeness in November to December 
-and with very full ripeness in May to June. We must condude then that 
respiration first rises and then falls, and can be clearly associated with the 
ripening drift of colour in storage at 2*5° C. 
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The relation between oolour and intensity of respiration (as measured here 
initially at 22° C.), that came out of a dose study of their parallel drifts may be 
formulated somewhat as follows. Every apple picked unripe drifts during 
ripening through a special senescent phase of metabolism, the essential nature 
of which will be discussed in Section HI. The passage into this phase from the 
previous phase of metabolio maturity iB marked by a rise in respiration rate, 
which rise starts slowly, progresses faster, and then Blackens off to a maximum 
value; during the early part of this rise the apple oolour iB full green, losing its 
intensity towards the maximum of respiration. After the fna-rimum, the 
respiration begins to fall, though at first slowly, and during this stage the 
colour of the apple may be described as typioally yellow-green. Hub stage ia 
succeeded by a quicker fall of respiration and the apple is now full yellow colour. 
This fall of respiration continues, provided no fungus attaok develops, on into 
the stage when the apple becomes brown. In fig. 2 we present these relations 
schematically as a time drift of the two characters. We do not predicate a. 



Fig. 2.—Schematic form of drift, with time, of intensity of respiration of a ripening apple 
passing through the senesoent phase. The form of curve given here is applicable to 
the respiration measured initially at 22° C. when the senescence is progressing in cool 
storage at 2*5° C. In this generalised curve no definite values are given to either 
ordinate or abscissa axis, but the oolour sequence which is associated with the respira¬ 
tion drift is indicated. Specific oases aro to be dealt with in fig. 3. 

very close correlation of colour and respiration since the former is determined 
only by surface cells while the latter is an expression of the whole mass of the 
apple, but the figure gives the relation whioh seems to be typical. 

Observation of a population of apples in- storage teaches us at once that 
individual apples run through this typical drift at different rates, Bince 
some may have drifted right through to brownness when others have only 
reached the green-yellow stage. The implication of this is that the respiration 
curves of such contrasted individual apples, plotted on the same time axis, 
will cross one another, for the quick ripening apple will show an early maximum 
and an early fall, while the slow rising respiration of the slow ripening apple 
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will cat across the fall of the other on its progress to its own later maximum. 
We are inclined to think that the later the TnuTimnw is attained the lower is 
its pitch for a given apple, as compared with the earlier mAximal values of the 
quickly ripening apple individuals. The evidence points to all the apples 
having much the same low respiration values in the “ mature ” stage before 
the senescent rise nets in. 

In conformity with these propositions we have fitted to our observed assembly 
of initial values of respiration sets of curves representing the complete respira¬ 
tion sequence for the whole of the senescent drift. This is carried out in 
fig. 3. Four of the initial points are marked by squares and these will be dealt 



Fig. 3.—The observed initial respiration values of the 21 apples given In fig. 1* are here 
grouped into three separate classes A-B-C which ripen and pass through their respira¬ 
tion drift at throo separate rates. Through each initial point has been drawn a curve 
of the typo of fig. 2. Twelve apples are allotted to Class A and throe typical curves 
serve to indicate their senescent drift. Five apples are allotted to the later ripening 
Class B and two curves serve to connect them together. The four apples of Clast C 
are connected by a single drift line, which had not run beyond the rising phase when 
the investigation was ended. The identification numbers that were given to the 
individual apples are entered in the upper part of the figure over the individual 
respiration values. Where the two apples at one date have different respiration 
values the top number is that of the apple with the higher respiration value. 
The observed oolour sequence noted for the apples of each class is set out below 
to show that the drift from green through green-yellow to yellow takes place at a 
different rate for cl <uu| f 1 ^ that the relation of these rates for the three classes 
is tho same as that shown by the respiration rates. 
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with later. At present we are concerned to schematise the 17 cases repre¬ 
sented by circles. Through these are drawn two sets of illustrative curves, 
and these curves imply that for any apple in the schema, the curve whioh 
passes through its observed initial value at a certain date indicates what its 
initial respiration would have been, had it been withdrawn from store at any 
other date, either earlier or later, than it was actually taken out. One striking 
feature of this figure is the strong suggestion of heterogeneity in the population 
shown by the fact that the sets of curves fall into two remote groups. Varia¬ 
tion could easily be made in the course of the construction curves, but the 
absence of individuals of intermediate rates of ripening both in the rising and 
the falling stages could hardly be eliminated by an alternative formulation. 
We propose to distinguish the 12 apples that ripen quickly as representatives 
of Class A, while the 5 that ripen more slowly may form Class B. Below the 
respiration drifts ore set out tho colour sequence expected for Class A and for 
Class B according to the principles already enunciated. These sequences 
arc based on tfie recorded colours as given in col umn 3 of the table in the 
Appendix. 

According to this schema the scatter round the mean is very small for Class 
B, but only a few of this class chanced to be drawn from the population, 
presumably because they were in small minority. Even in Class A the scatter 
is not great, as the drift lines are here presented. The fact that so often 
two apples drawn from store at one date give nearly identical respiration 
values in Class A, points also to this being a real group of small scatter, rather 
than part of one wide common group with the remote cases of Class B.* 

There are still four other apples that have not been brought to account m 
our treatment of Class A and Class B in fig. 3. These are VII, VIII, XXII, 
XXIV, represented by squares instead of circles. Apple XXIV presented us 
with a very high respiration very late in the chronology, and also showed a 
yellow -green colour. These are features of an apple near its maximal senescent 

* In addition to a scatter of rates of ripening within Class A there must also be some 
variation between individuals with regard to tho respiration value per unit of freeh weight. 
If this had a considerable range, the vertioal divergence of lines within the neat of curves 
might bo wholly or partly an expreeelon of euoh a scatter. Introduction of this con¬ 
sideration might remove the intersection of carves inside osch class at the peak of the 
schema and substitute a set of three parallel linos, bat this would not affeot any arguments 
based on the schema. 

During storage, month by month, the apples are losing water, so that from this cause 
alone the respiration values per unit fresh weight must rise. The obeerved water loss is, 
however, not enough to make an appreciable contribution towards explanation of the 
observed large rise. 
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respiration, which suggest that XXIV must represent a class that ripens still 
much later than Glass B. This apple provides the first individual for our new 
Class C, and to this are assigned also a pair of early apples—VII and VIII. 
On any evidence that this chart can provide this laBt attribution is, of course, 
absolutely arbitrary, for these two apples aro perfectly situated for Class A 
apples. But on evidence provided in Section II on air-line drifts, and confirmed 
in the next paper where the behaviour in nitrogen is investigated, there is 
no doubt whatever that VII and VIII must be segregated from their neigh¬ 
bours and classed with XXIV as representatives of a separate class,—C. The 
straight line drawn in fig. 3 from VII to XXIV would serve for the Blowly rising 
limb of the schema of initial respiration values of this class. This line passes 
through apple XXII, which is also undoubtedly of Class C on similar evidence 
to be set out later. 

Such an analytic schema of three sets of lines provides some interesting 
situations when an apple is found at the intersection of two lines. Thus XIX 
might be claimed, as far as position on the chart goes, as either rising C or 
fading A; but the fact that it was full yellow settles it as A. Again XXII 
and XXIII are in the chart so balanced between rising C and falling B that we 
must seek other evidence. A falling B apple, not far below the maximum should 
be green-yellow as was XXIII. It would then have been expected that XXII, 
which we have referred to Class C, should have been more green than XXIII. 
It was not recorded at the time as more green, but only as yellow-green, 
though a special note was made that XXII was Btrikingly turgid and fresh 
in appearance for an apple at that late date, so that on the whole its condition 
supports its attribution to a rising line. 

It may be mentioned that we had no schema of this type before us when the 
experiments were actually made, but only a growing perplexity about the 
association of low respiration with both the greenest and the yellowest apples. 
It was this perplexity that led us to select for the two apples of the late June 
experiment the greenest apple and the yellowest apple that could be found in 
the population. This gave a due which, followed up, has led us ultimately 
to substitute for the perplexing configuration of fig. 1 the highly rationalised 
formulation of fig. 3, in which whether rightly or wrongly eaoh point finds 
its {dace in one of three physiological classes, and also a definite position 
in the sequence of development of its own class. This formulation on the 
basis of the evidence so far produced may appear rather unsubstantial, but 
it will reoeive further support in lpter sections on the air-lines as well as 
from nitrogen effects. 
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It may have puzzled the reader that, whereas the whole of this section is 
expounded as a study of senescent drift of a population of apples stored at the 
temperature of 2-6° C., yet all the respiration values brought to account are 
for the high temperature of 22° C. The explanation of this indirect approach 
is that the experimental work was undertaken as a study of the effect of oxygen 
concentration upon apples at 22° C., and not till after it was finished was it 
discovered that the data supplied material for the exposition' of the various 
analytic treatments set out in the sections of this paper. The respiration values 
in the present section are, however, all initial values, at 22° C., and so are 
determined by the physiological state of the apple at 2° C. when removed from 
store multiplied by the factor which gives the proper ratio for increase of the 
respiration rate between 2° and 22°. We have not oarried out any respiration 
measurements at temperatures below 22° C., but the examination of such apples 
at various low temperatures by Drs. Kidd and West suggests that the tempera¬ 
ture coefficient, Q ao -, be given a value of about 8*0. 

The really remarkable fact that stands out clearly, in whatever way the data 
are handled, is that the respiration of an isolated starving organ, at a certain 
stage of its drift, starts to rise considerably. We may postpone our interpreta¬ 
tion of this phenomenon to Section III, and take up in the next section the 
analysis of the forms of drift of the air-lines of our population of apples. 

Section II.—The Course of the Respiration Atr-ltae of Individual Apples. 

The next aspect of the respiration of apples in air at 22° C., after cold storage 
at 2*5° C. f that we have to investigate is the general trend of the air-lines for 
the 21 individual apples examined, as their respiration is followed hour after 
hour for days. In the first section we analysed the phenomena presented by 
the initial respiratory values, which were found to vary from 12 to 20*6 mgs. 
CO,, and we put forward a schema which introduced orderly sequences into 
the apparent disorder of the occurrence of the different initial values. The 
main conclusion was that the apples must first be sorted into representatives 
of some three physiological classes, A-B-C, which are characterised physio¬ 
logically by ripening quickly, intermediately or slowly under the conditions 
of storage. 

We have now to characterise and classify the different courses that the 

t 

respiration of the apples run after these initial values, and see what physio¬ 
logical order can be introduced into this aspect also. These courses may be, 
for a long time, either falling, level, or rising, and we have to determine whether, 
for example, it is the high initial values that are associated with subsequent 
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steep fall, while the low ones keep level, or whether the apples on the ascending 
limb of the A-B-C schema in fig. 3, p. 421, rise those on the descending 
limb fall; or whether perhaps apples of Glass G behave in a different way from 
Glass A &nd so on. For this purpose the different types of course run in air 
must be first brought together for an empirical comparison of forms. This is 
done in fig. 4. The continuous parts of the lines in the figure represent those 
parts of the course in which the apple was actually respiring in air, the dotted 
parts indicate the periods in which the apple was in other gas mixtures than air; 
taken together these represent the course that the respiration would have 
followed had the apple been kept continuously in air. The whole composite 
line, made up of direct observations, interpolations and some extrapolations 



Fig. 4.—A survey of the forms of air-line drift for the 21 apples V to XXV, tho abscissa 
axis being hours at 22 J C. of tor removal from cool storage. Tho individual air-lines 
are not spaced out m their real relations to a single ordinate axis, hut are brought 
closo together for comparison of forms (see tho table on p. 426). The ordinate scalo 
is indicated on the right and the initial value of each air line is outset to the left. 


we speak of as the “ air-line ” of that apple. The derivation of these air¬ 
lines may be seen by consulting the full records of the experiments given in 
the Appendix to the next paper. 

In fig. 4 the air-lines are arranged for comparison of forms, one over tho 
other, as close as may be without overlapping, in a sequence that ignores 
ordinate values and is primarily chronological. The time axis below represents 
hours of respiration at 22° 0. after removal from storage at 2*5° G. The 
respiration values which we have called the ideal initial values are noted at the 
beginning of each air-line. After studying these forms, from every point of 
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view, it seemed that we could distinguish three main types, each possibly 
divisible into two sub-types. These are set out in tabular form and a descrip¬ 
tive label has been given to each type. 


Classification of Air-Line Forms. 


Empirical type* 
bura on form. 

Sab-types. 

Apples. 

1 

Fall in first 
100 hours, 
mgs. CO,. 

]. Air line* ruing Initially; 
later declining with a steepen¬ 
ing fall 

i 

I, a, fall very long delayed 

VII 

VIII 

Nil 

Nil 

1,6, fall after moderate time 

XXII 

XXIV 

Nil 

Nil 

II. Falling air-lme of composite 
course. Fall not mors steep 
at first, form tending to m 
concave below from steepen- ' 
mg fall. f 

11, a, course level for an 
initial period, then transi¬ 
tion to falL 

V VI 

IX X 

XII 

XI 

i-as i *s 
l-« 1-5 

1-7 

[S-2j 

II, 6, approximately recti¬ 
linear downward course 
from beginning. 

xm xiv 

XV XVI 
XVII 

xvm 

3*7 3 3 

4-3 3 3 

3-5 

1-3 

HI. Falling air-hues; regular 
continuous curves, steeper at 
first, slackening later. 

! Ill, o, initial fall moderate 
rate. 

• XIX 

XX 

XXI 

3-2 

3 1 

3 2 

Ill, 6, initial fall somewhat 
steeper than III, a. 

XXIII 

XXV 

4 0 

3 6 


Our next enquiry is then to see what relation these types have to the schematic 
relation of initial respiratory magnitudes established in Section I. 

It will be seen that four of the records alone show an upward tendency and 
these have been grouped at the lower part of the figure. They are characterised 
as Type I, with the specific character that after 100 hours of respiration the 
value is no lower than it was initially. Ultimately these air-lines start to 
turn down to lower values. The rest of the air-lines have a downward tendency 
and are to be spoken of as falling air-lines. Among these we can distinguish 
two contrasted types of fall: there is One type—III—which has a very 
regular and characteristic form, in that it starts from the beginning with a 
steepish fall and proceeds perfectly smoothly, falling less and less fast, so as 
to present a convexity below and ending, if observed long enough, in a practically 
rectilinear downward slope. The standard of this is record XXI : four others 
closely conform to it msking up the content of Type III. The remaining falling 
air-lines, constituting Type II, are less homogeneous and more difficult to define. 
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These ape graced at the top of the figure. None of them starts with a steeper 
fall than it shows later, and some of them hardly fall at all far the first few hoars. 
Mostly, the ooarse is seen to be composite in faun, with a general tendency 
towards being concave below, but some start with a long rectilinear slope and 
may maintain this as long as observed. In this Type II the distinction into 
two sub-types is very marked. 

We have undertaken a very detailed analysis of these different forms of 
air-line drift exhibited by individual apples of one piaking, because it bears 
on the important question of the relative value of investigation of individual 
apples, as contrasted with the investigation of large representative samples 
of an apple population on statistical lines. It might have been that no 
significance could be attributed to these divergences of form Bhown by individual 
apples, and that they could only be classed as chance variations, due to 
causes which were too small and too numerous to be elucidated. Should 
this prove to be so, investigation of individual apples would be superfluous, 
and indeed tiresome. We consider that we have established the oontrary 
position, and hope to show that practically all the features of these air-lines 
have a definite metabolio basis, and that the whole set of phenomena oan he 
brought into one general system. 

Our first business is to find out some other significant feature of apple respira¬ 
tion with which these types of drift can be correlated, and we will now take up 
their relation to the chronological sequence of initial intensities of respiration 
set out in the first section. Let us start with Type III as it is the most homo¬ 
geneous. The apples included in this are XIX, XX, XXI, XXIII and XXV. 
Clearly they are late on m the chronology ; but the omitted serial numbers 
XXII and XXI V, also very late, gave quite different records, so chronology 
is not everything. Reference to the schema of fig. 3 will show that all the 
Type III apples oome on the descending slopes of the groups A and 8, and 
also that there are no other apples on these slopes. All these apples were 
yellow-green or full yellow, and would be described as nearly ripe or fully 
ripe. We meet here a perfect correlation—as far as it goes—between type of 
air-line drift and position of individual apples on our A, B, C class schema. 
The initial respirations of this Type III vary from medium to low, but apples 
with these same initial magnitudes on the ascending limbs of the schema never 
give this type of air-bne. The air-lines of XIX, XX and XXI of Class A have 
almost identical curves, but the air-lino of XXIII falls faster at first than any 
of them. Also the air-line of XXV is falling slightly faster than that of XXI 
and diverging from it in the figure. It is therefore possible to suggest that the 

vol. cm— b. 2 H 
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tiro on tha decoending limb of B make a sub-type III, 6, just distinguishable 
from III, a, of the Clan A examples 

In Type I we have four records, VII, VIII, XXII and XXIV, which do not 
fall at all over several days, but rise, so they make a very natural claw Of 
apple VIII we cannot say very much as it developed a fungal attack at one 
spot and its respiration subsequently rose rapidly, with development of visible 
mycelium , the initial pioce alone is therefore brought into fig 4 Apple VII 
gives a well characterised record followed for 320 hours and rising for the 
first 200 hours The fall that ultimately sets in is quite unlike the fall of 
Type III as it starts gradually and is of increasing pteepneaa giving a form which 
is concave below Two of the apples m this rising group are early appleB VII 
and VIII, while the other two XXII and XXIV are chronologically very late, 
so that we get no help from this consideration The real due is that this 
Type I is exactly co extensive with the Class C of fig 3 drawn up for those 
apples which represent a strain that ripens very slowly Within this type we 
are able to make a distinction based on ohronology m that the late apples 
cease then rise at about 100 hours (sub type I, b) *hile VII keeps rising for 200 
hours It will be noted that all four of these apples are on an ascending dopo 
of initials m fig 3, and we have no knowledge of *hat would have happened 
could the research have been continued till this class of apple was fully npe 
and the initials liccame less 


We have now to consider the more complex group of Type II, which on the 
whole may be said to give falling curves, though not of the regular form of 
Type III It is clear, by exclusion, that all these apples must ho on the 
ascending slopes of Classes A and B of fig 3 The four earliest examples V, 
VI IX, X exhibit the same type of form, that of a short initial stretoh, which is 
practically level, passing into a falling stretoh getting steeper and steeper 
Air lines V and VI, followed for 200 hours, show a compound form in which the 
form of the early part in presently repeated at a lower level and there is some 
evidence that this is about to happen in IX and X, but the record was out 
short too soon for proof Then oamc two contemporary apples XI and XII, 
of which XII conforms to the type of IX find X The form of XI is not well 
established since it was m 6 per oent O, before nitrogen from hour 24 to hour 
110, as shown by the long broken line representing the interpolated part of the 
air line The form suggested is a long rectilinear fall which is really the form 
characteristic of the next sub group In the apples of sub group II, 6, which 
are all later examples ohronologioally, we find the early level initial does not 


appear again, but the course may be characterised as practically a long rectilinear 
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dope from the beginning. Leaving aside XVIII for the moment, it may be 
noted that the distance of fall in 100 hours is greater in this sub-class than in 
II, a. The falling tendency is, thus, more marked. The ends of these recti¬ 
linear falls for Xin, XIV, XV, XVI are rather obscure. The two former 
may be held to turn down more steeply but not so with the two others. Also, 
the general course is not strictly rectilinear but somewhat curved, though it 
lacks the very regular falling ourve form of Class III. 

The air-line of XVm offers an arresting contrast with that of XVII which 
was earned on simultaneously. While XVII gives the type of form just 
described, XVIII starts with a long rectilinear course sloping down but very 
little, so that in 100 hours it is no further below its initial value than is character¬ 
istic of sub-type II, a. Later it turns over into a steepening slope. Referring 
to fig. 3, we see that the initial value of XVIII is much below that of XVII, 
and that it is therefore one of the apples that has been segregated aa a member 
of Class B. The distinction of initial values between these two applcB is thus 
fortified by the marked distinction of the forms of their air drift. The form of 
XVIII has several affinities with the type of II, a, which is chronologically 
earlier, as is appropriate. 

We have now worked through all the forms of air-line drift in fig. 4 and see 
that they can be schematised into a system which finds the basis of its rational¬ 
isation not in chronology alone or m assignment to groups A, B, C alone but 
in a combination of these considerations. What counts is, of course, not 
chronology directly but its physiological aspect—grade of senescence—and 
as Class C is oertainly ripening very much more slowly than A, and Class B* 
may be ripening somewhat more slowly than A, then the physiologically, 
comparable stages of senescence are displaced relatively for the three groups. 
The index of senescence then becomes the position of the initial respiration 
on the rising and falling slopes of the class lines of fig. 3. We may then, in 
the succeeding paragraph, achieve a synthesis of the relation between air¬ 
line drift and degree of senescence. 

The least senescent apples of our population would be tbo earliest ones on 
the up slope of the slowest ripening class, C. For this position VII is the 
standard and exhibits a long continued rise, rounding off to a level preliminary 
to what we may style a steepening fall. The next in order should be the earliest 
on the up slope of the quicker ripening class, A; and here we get no initial 
rise, bnt do get initial level courses, which in examples V and VI pass slowly 
into steepening falls, while IX and X go through this drift more quickly. 
The next phase that we expect after the initiation of this fall is a steepish 

2 h 2 
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reetalinear fall, and though there is some confusion of detail in thu region we 
take the sub type II, b, as representing this Apple XVill gives support to 
our view, in that being Class B it should not be bo senesoent as the Glass A 
apples of the same date, and it is quite dear that its form diverges in this 
direction, beginning with very little slope and passing over later into the steepen¬ 
ing fall The form characteristic of the next phase of senescence is very 
dearly indicated by all the examples of Type III, where the initial steepiah 
fall steadily flattens out in a very regular course giving curves which more and 
more approach a straight line This characterises the apples of the advanced 
stage of senescence, termed ripeness, and this ib associated with then position 
on the declining slopes of Gasses A and B Some support is given to the 
segregation of B from A in that for a given initial value of respiration an apple 
on B should be less senescent than one on A, and therefore start its air line with 
a steeper fall, which is a form a little further back on the general scheme The 
form of the Anal phase of the air-line drift is revealed only by apple XXI, 
which was followed for a very long time Here at the end of its reoord we get 
no further slackening of the fall, bat a straight line fall of constant slope The 
fall of this slope is only 1 2 mg C0 a m 100 hours, such a slope that if it were 
continued at this rate the respiration would teach zero only after a period of 
40 dayB at 22° C. 

As we have no very senescent apples of Glass C, we cannot say whether 
they would conform to this schema, which fits Classes A and B 

The regular succession of air-line forms during senescent drift, suffices to 
establish that the effects are not the chance expressions of a multitude of small 
indeterminable causes, but must be the outcome of simple metabolic principles 
In the next section we shall propose a definite schema of interpretation of 
these forms 

Seckon III The Senesoent Phase of Ontogeny and the Lowering of the 
Organisation-Resistance of the Tissues 

In this laboratory various workers have studied the course of respiration 
in isolated plant organs of different types', and we havo formulated certain 
fundamental principles that are to be found m action These will be the 
subject of a general exposition in later papers Here we limit our attention 
to a special phenomenon that we behove to be characteristic of the respiration 
of that late stage of ontogeny for which we have propoeed the speoifio name of 
*' the senesoent phase ” The special phenomenon that appears at this stage 
mayxbe entitled a lowering of “ the organisation-resistance ” of the tissues. 
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We have coined, the term “ organisation-resistance ” to express an important 
aspect of protoplasmic control of metabolic rate. It ib quite clear that the 
oatabolio activity of a tissue is not merely conditioned by the amount of reserve 
food-material that is present; there are times when oatabolio flux is very 
active and times when this conversion of potential or reserve metabolites is 
extremely slow. This is a matter of protoplasmic organisation and it must be 
concluded that some of this organisation is of the nature of a resistance to 
reaction rate. We may picture some of this hindrance to reaction as achieved 
by spatial separation of the reactants by impermeable protoplasmic membranes. 
More significant, however, will be the adsorption or combination of one or both 
of the reactants by the stabilised components of the protoplasm. Phenomena 
of this sort are presumably associated with the control of the hydrolysis of 
carbohydrate reserves of the polysaccharide, disaccharide, and gluooside type. 

A lowering of the normal grade of organisation-resistance would then, by 
definition, result in a quickening of the rate of some aspects of metabolism, 
more especially and significantly of those primary hydrolytic changes which 
bring the oomplex reserve and semi-reserve substances into the flux of cata¬ 
bolism. The particular final result of such acceleration of initial activity 
which interests us at present is the increase of rate of production of the effective 
substrate of respiration. Under prevailing conditions, in which this substrate 
is not already m excess, an increased production rate will reveal itself to us 
by an increased rate of respiration. 

In place of the generalised expression -lowering of the grade of orgauisation- 
rcsistanoe —it will be preferable to use a narrower expression in this discussion, 
as it will be limited to Tespiration phenomena. Lowering of “ hydrolysis- 
resistance " will serve our purpose or more conveniently the inverse of this 
which we may call increase of “ hydrolysis-facility.” This change takes place 
automatically in that late stage of the life-bistory of tissues which we label the 
senescent phase. We picture its onset as at first gradual and then progressing 
at an accelerating rate : later the acceleration diminishes and finally the grade 
of hydrolysis-facility ceases to increase and remains maximal at its new high 
level. 

This senescent increase of facility takes place in stored apples at any tempera¬ 
ture, but ■Atww to have a high temperature coefficient so that it tuns its course 
very much quicker at 22° than at 2° C., though the initial low and final high 
level at facility may be of identical pitch at both temperatures. 

This conception of a fall in organisation-resistanoe and a consequent increase 
in "sfsliftlif n fr an flaa had its origin in the search f at an interpretation of the 
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fact which we have clearly established that when the falling respiration of 
isolated starved organs is continuously followed, it is found that a time oomea 
when the respiration starts spontaneously to rise again fairly rapidly in spite 
of continued starvation. ThiB phenomenon of senescence will bo dealt with 
in a more general way when we come to set out our observations on the starva¬ 
tion respiration of cherry laurel leaves. Here we are only concerned with its' 
effects upon the course of the air-line drift of senescent apples. 

We shall now attempt to interpret formally by a graphic schema our observed 
series of changing types of air-line as being the resultant expression of combined 
factors of senescence and starvation; the previous rate of senescence at 2° C. 
and that prevailing in the respiration ohamber at 22° C. having both to bo 
taken into account. In the upper part of fig. 5 are three forms of curve, Y. 
Z and S, representing the three significant factors. The horizontal direction 
of the schema represents time and the letters b ... I are points along the time 
drift that we shall be concerned with. The vertical direction represented by 
tho distance between lines U and V, represents the range of change of “ organisa¬ 
tion-resistance ” or “ hydrolysis-facility,” the level U standing for low facility 
and the level V for high. Before the point of time b the resistance is normal, 
the hydrolysis-facility is therefore low, so low that the substrate of respiration 
would be produced at a rate to give, say, 10 mgs. CO t per 300 grm -hours at 
22° C., or equivalently, with Q #0 . = 8*0,1 • 25 mgs.CO, at 2° C. Let us suppose 
that in storage at 2° 0. the senescent change sets in at time b and the hydrolyBis- 
facility begins to rise slowly reaching the wisTimnwi value of the level V at 
time j. The progress of this change with time is represented by the sigmoid 
curve Y, and at its end at j the facility level of V is supposed to be just such 
ns to give double the hydrolysis values stated for level U. At j the senescent 
< hange is over and the facility remains at level V on to time l and beyond. 

Now let us suppose that the apple at time b should be brought from 2° C. 
to 22° C. as its senescent phase is beginning; it is pictured that it would senesoe 
rapidly and nse to the level Y soon after time d, following the sigmoid curve Z. 
Thereafter the level would remain at V. Suppose in oontrast that the change 
from 2° 0. to 22° 0. is now oarned out later, say, at time e. By this time the 
senesoent change at 2° C. will be half over by progress along Y. and the rise of 
temperature will cause the remaining half to be oarried through quickly, 
following the upper part of one of the Z curves, being the particular one drawn 
so as to intersect Y at time e. The full hydrolysis-facility will be reached at a 
time between / and g. In all, six Z curves have been drawn, one to indicate 
the rise at 22° 0. for each of the arbitrarily 'selected series of oases when the 
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apple is brought from 2° C. to 22° C. at the suooeasive points of tune c, d, e, f, g, 
k. In each the start of the rise of hydrolysis is along Y and the finish follows 
a longer or shorter track of Z. * 



arise M resultants of opposed tendencies. For detailed explanation see text. The 
letters b... I represent a series of points of time during the progress of senescence. 
The level V indicates a high grade of hydrolysis-facility and U a low grade. Hie 
upper part of the figure sets out as curves 8, Z, Y, the component factors affeoting 
the drift of respiration at any moment, while the lower part gives the resultant air* 
line drifts as dotted curves. Curve Y indicates the form of the slow se nescen t drift 
at 8*6° C. of hydrolytio facility from level U at time b to level V at time j, ourve Z 
the rapid drift from U to V at 28° C. A set of six identical Z curves far 28° 0. ere 
drawn, beginning at intervals along the time axis to fit a series of cases when apples 
are transferred from 2° C. to 82 s C. at these intervals, one after the other. The 
put of the Z curve in each case is the part which lies above the Y ourve, 
the apple being brought from 2° C. to 22° C. at the loons of the intersection of the 
formal curves. The set of seven identical S curves stand for the factor of " starva¬ 
tion ” fall of respiration at 22° 0. They represent the falling tendency of respiration 
at 88 s 0. hacnniing effective at the point of time when the applets brought from 2° C. 
to 22® 0. In the lower part of the figure only the significant parte of the S and Z 
ourves are retained, and these are set out for the six oases when the ohange of tempera¬ 
ture place at e, d, e, /, g, A. The form of the resultant ourve for each eaee Is 
drawn as a dotted line. It will be noted that levels U and V are not absolute rates 
of CO r prodootion, but stand for rates either at 2® C. or at 88® C. related to one another 
by the adopted value of Qjo° «■ 8*0. 
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Were there no qualifications to be made, the implication of all this system 
of chang ing organisation-jesi stance would be that the respiration rate would, 
if kept at 2° C. continuously, rise slowly along Y, from 1-26 mgs. OO s at h 
to 2*60 mgs. CO, at j ; or, if for contrast kept throughout at 22° C., from 
10 mgs. at b to 20 mgs. just beyond d. If, however, the apple remained at 
2° C. only till time e when its respiration would be 1 *87 mgs. CO„ and were 
then suddenly brought to 22° C. its respiration would at once ohange to 
1*87 X 8*0 = 16 mgs. CO, and then advanoe rapidly to 20 mgs. CO, 
between / and g. 

There is, however, a qualification of fundamental importance to be made 
which depends on the fact that, while the low rates of respiration that occur 
at 2° C. can be maintained, the high ones proper to 22° C. cannot be main¬ 
tained, but tend to fall ofi by what may be termed “ starvation.” To get a 
pure measure of the falling starvation factor of respiration at 22° C. it is neoes- 
sary to experiment outside the senescent region, at some time after j, snob as t. 
An apple kept at 2° C. till time k will show respiration of 2*6 mgB. CO„ and if 
then brought to 22° C. its respiration will ohange quiokly to 20 mgs. CO,, 
but cannot remain at this high level, but must fall, following the course of the 
broken line S, first falling fast and then slower and slower with time. The 
course of 8 represents then the pure starvation relation. 

Returning to the cases where change from 2° 0. to 22° C. occurs during the 
senescent phase at e or some other of the six represented points of time, then 
the starvation factor has to be introduced similarly at each. For this purpose 
identical S curves have been drawn passing through each of the points of 
intersection of the Y curve with the Z curves. Our components are now set 
out, and at any time-point where there is change from 2° C. to 22° C. then the 
falling ourve 8 at that point represents the starvation factor tending to lower 
respiration, while the rising ourve Z represents the accelerating tendency due 
to increasing hydrolyBis-faoility. 

In the lower part of fig. 6 we show how these two factors interact to deter¬ 
mine a drifting series of air-line forms which correspond in type with the series 
actually observed. In this lower put of the figure, those parte of the lines 
which we may call construction lines have been omitted, and at each of the 
six points of time we have left in the figure only the two opposed factors brought 
into being, but into opposition, by the ohange to 22° C. The form of the 
resultant ourve arising from this opposition has been constructed for each of 
the six points by calculating the difference of the upward rise and the down¬ 
ward fall for a succession of short lengths of time. These farms of air-line 
drift are set out one by one as dotted lines. 



435 


* Analytic Studies in Plant Respiration. 

In the early ones, while the facility iB rising fast the resultant air-line drifts 
upwards at first, while if started at/ it runs a level course, and if started later 
falls all the time. In each single case the rising facility component has a less 
and less effect as it nears its end at level V, and this effect beoomes zero when 
the change is over; after this point of time the air-line follows a pure starvation 
course, being determined by the appropriate region of the 8 curve alone. 
The seventh curve of the senes, which begins at k has by definition no rising 
component, and is the pure S curve throughout its course. The series of air¬ 
line drifts that we have synthesised in this schema presents all the observed 
types that we have set out in fig. 4, p. 42fi The drift of k is the representative 
of Type III (see table, p. 426), but this is of course due to our definite selection 
of this form of starvation curve for our schema The resultunt ourve d is 
the analogue of Type I, a, in which the rise is long continued, and curve e 
the analogue of Type I, b. Then as we follow on, curve / with its level start is 
the analogue of Type IT, a, while curve g giving a m tilinear fall represents 
Type II, b. 

Our work on the apples was not begun until they had been in storage six 
weeks, and we consider that the absence of any observed air-lines rising bo 
steeply as the resultant curve c is duo to the fact that this type occurs only in 
the earliest stages present in October. 

It should be stated that this schema is not an attempt to reconstruct the 
actual air-lines observed but only the type* in their propci serial succession. 
The curves Z, Y, S, employed in building up the schema were not arrived at 
by careful trial of form to give the Iwat fit, but were drawn freehand without 
subsequent adjustment. Nevertheless it, is obvious that, for a given time axis 
in the schema, the mutual relation of the slopes of the adopted Z and 8 curves 
determines the synthetic form of the air-line drifts. Had S been nearly as 
steep as a vertical line, or nearly as fiat as a horizontal line, Z being unchanged, 
then the air-line forms would come out very different. Some narrow range 
of relation between steepness of S and Z has therefore really been predicated 
in the application of the schema. More general aspects of the significance and 
forma of starvation curves have to be taken up in a later paper. 

Further, it will have been noticed that nothing has been said, so far, about 
the existence of a starvation ourve component at 2° 0. as well as at 22° G. 
We have tacitly assumed that this component at 2° 0. is so flat in form, that 
it involves so little decline of respiration rate with time, that it has a negligible 
effect upon the slope of the air-line. At this temperature, then, the rising 
facility ourve is held to express itself fully stage by stage in the observed rate 
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of respiration. We have made no respiration measurements at suoh low 
temperatures, but this aspect of apple metabolism has been studied by Kidd 
and West, and the relations we have indicated may be put on a more exact 
basis when their work and ours come to be correlated. 

In all this matter we have treated the individual apple as a whole and have 
not stated whether the drifts observed are to be considered as true for each 
individual cell of the apple or only as a statistical truth for the drift of the 
' whole population of oells making up the tissue. 

At least it can be said that our schema fits the facts, and that it provides a 
new conception which helps us to interpret the complex behaviour of respira¬ 
tion phenomena, by assuming that the organisation-resistance of tissues is 
not constant but is oapable of undergoing spontaneous change. In other work 
we shall show that the resistance can be altered by experimental treatment. 

Section IV — The Initial Effect of Change of Temperature. 

When an apple is heated up from 2° C. to 22° C. the main effect upon the 
respiration iB an increase of rate to somewhere about eight-fold. The course 
of this rising respiration, hour by hour, does not, however, proceed to the new 
rate by a continuously rising curve of the form that a simple transition from a 
low steady rate to a higher steady rate would give, but the transition record 
may exhibit a definite peak, so that the CO a -production is, for a time, in excess 
of the air-line rate that it will attain later on. In the present seotion we have 
to examine the early parts of our records rather carefully for evidence of the 
presence and magnitude of this effect. 

For this purpose these parts of the records have all been brought together 
in the two columns of fig. 6, alined at zero^hour; and certain construction 
lines have been drawn upon them to facilitate their examination. For dear¬ 
ness, in this figure, each record is presented by its pair of “ contour lines ” 
(see p. 416) and the actual readings lying between them are omitted. In the 
earliest steeply rising hours the contour lines lie dose together but later they 
are at the standard distance apart due to the fluctuation of the respiration 
(see p. 416). In this later region a median line is drawn between the contour 
lines giving the direction of drift of the specific air-line of that individual 
apple. We have extrapolated eaoh of these air-lines back to zero hour to pro¬ 
vide one of our two construction lines. At the top of the figure, two in eaoh 
column, will be seen the four apple records which exhibit a definitdy rising 
air-line, and in three of those VII, VIII and XXIV the existence of temporary 
excess values of respiration is very dear. After the initial "»*yiwnw the 
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Fio. 6.—-The initial boon of all the record* brought together for examination of the 
“ initial temperature effect *’ on change from 2'5° C. to 22° 0. The low reading* of 
the first six hoars ore omitted to save space. The actual course of respiration is 
rUfliWj by the track of the double contour lines. The ordinate scale and the values 
of the rfnglft readings con be soen in the oharts of the reoords in the Appendix to the 
next paper. The oirole on each record marks the “ inflexion point ” and indicates 
the end of the initial effect. The median airline is extrapolated to sero hour. Where 
fcKi* air-line bn* a marked curvature the extrapolated curve is given as a broke n line, 
* and the continuous straight line near it is a construction line drawn as a tangent to 
the curve at the inflexion point. A second construction line is the straight lino drawn 
through the Infl ex ion point, along the median track the reoord before the inflexion 
point. For the application of these construction lines see the text. Records XVII 
and XVm an interrupted by a failure of temperature control from hours It to M 
(an the Appmttx). 
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record shows a series of declining values, which present the curious feature of 
lying on a straight line, and this presently brings the record on to the true air¬ 
line. Here then there Is a well-parked " inflection point ” on the record as 
the respiration values thence proceed to rise along the air-line. As a second 
construction line in the figure, the median line of the observed falling slope has 
been continued back to zero hour, and onwards in the other direction to define 
its slope more olearly. We thus get superposed on the zeoord a pair of con¬ 
struction lines intersecting at the inflexion point. The angles at intersection 
appear to be constant in all the well-marked cases, being 26° and 105° with 
the relation of axes adopted in this graphic presentation. The slope of the 
passing-ofi of the initial temperature effect is not then a constant slope to the 
horizontal, but a constant difference of slope above the slope of the air-line of 
the individual apple. One implication of this relation is, of course, that the 
higher tho initial maximum lies above the extrapolated air-line, the later it 
will be before the inflexion point is reaohed. The time values for these relations 
are set out in the Tabic of the Appendix to tho next paper. 

It now beoomes interesting to consider our numerous records in which the 
air-lines show a well-marked fall as a general character, see Section IT. These 
eight records are grouped in the lower part of fig. 6, four in each oolumn. Here 
we can hardly expect to find so obvious a contrast^^direotion at the inflexion 
point Hince both lines will bo falling ones. The method we have adopted for 
interrogating each record is that of superposing on it tracing paper on which 
our two lines, intersecting at the standard angle, have been drawn. One line 
is put to comoide with the oourse of the air-line and shifted along it to see if 
the intersecting line comes to lie on the median course of the falling slope of 
the ohange of temperature effect. It will be seen that apples XXV, XX and 
XXI give very convincing evidence of the existence of a big effect when ruled 
up in this way, and the intersection point is correspondingly late, 27 to 29 
hours; see the time values in the table in the Appendix. 

Two other records XXIII and XXV show small effects, about which one 
oannot be very certain, the inflexion point coming at 18 to 19 houn. Apple 
XIX appears to have an exceptionally large effect with inflexion point at 38 
hours, but this apple was transferred to nitrogen at hour 44 so the air-line course 
after the inflexion point is not very securely located; on general evidence we 
believe the dotted track in the figure is the course it would have followed had 
it been kept in air. Apples XVII and XVIII, investigated together, both show 
an unfortunate break in their records, due to an accidental fall of temperature 
in the bath soon after the point of time when thfe maximum of the effect had 
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developed at hour 9. The effect of this lowering of the respiration was not 
folly xeoovered from till hour 32, and a single median track only is drawn for 
the respiration of this distorted period. The direction of the subsequent air¬ 
lines for these two experiments enables us to extrapolate to aero with con¬ 
fidence and our cross-lines can be fitted to the two fragments in a way that is 
satisfactory enough. % We may conclude that with all these oases of respiration 
the same type of change of temperature effect occurs as with rising air-lines. 

We have still left a group of four records in whiohthe air line starts with a 
short level oourse. ^hese, which appear in the middle of fig. 6, show a well- 
marked temperature effect, and the same construction of the intersecting lines 
has been superposed upon the records. Though there is no doubt of the 
presence of the effect m records V and VI, IX and X yet the fit of the straight 
lines is not so convincing as in the other coses. Both these two records are 
compositqjecords, that is to say, that all the readings for two separate experi¬ 
ments V and VI or IX and X, carried out simultaneously, have been plotted 
as one record. In eaoh case the readings of the pair intermingle and their 
collective fluctuations fall within contour lines which are not twice as far apart 
as the normal spacing for a single apple; see the records in the charts of the 
Appendix. It will be noted that the falling slope from the maximum to the 
inflexion point in these four apples can hardly be described as a straight lino 
course, but tends to be a declining curve, which indeed is the form to be 
• expeoted a priori in all oases were the fall to the air-line to be of an exponential 
nature. Apples XI and XII also start with a short level air-line but the 
temperature effect is not very large and so is not very well defined, but here 
also there is some indication of a slope from the maximum which is convex 
below rather than rectilinear. Wc would conclude that m the group of apples 
which start with a level air-line the same type of temperature effect takes 
plaoe as in the other two groups, but that here we have a variation of form of 
the riope from the maximum. It interests us, in our endeavour to analyse 
out all the details of behaviour of apple respiration that this group of apples 
is not a random one but is the group of apples with atr-lines of Type II, a, on 
p. 426. 

The only records that wc have not yet referred to are XIII, which is so short 
that it is ill-defined but appears to exhibit a minimal special effect, and the 
pair XV and XVI for which, through an accident, we have no early readings 
at all. The nhang w of temperature effect, then, may be held to be always 
p re^- nt in our apples, but its magnitude varies a good deal. Its uniformity of 
form is striking, seeing tfhat it keeps true to type, whether respiration, 
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fundamentally, is either rising or falling, while the departure from the majority 
type is but slight with level respiration. Possible interpretations of this 
effect will be examined in the next section. 

Section V.—Change of Temperature and COg-production. 

J>»t us first consider the various factors within an apple that might ex pre ss 
themselves by a transient excess evolution of CO a to the external air-current 
when the temperature is quickly raised from 2° C. to 22° C. The effects of 
this heating up upon CO a -evolution may be divided into physical and metabolic; 
and two processes may be considered under each heading. 

Phyiieal Processes: Alteration of Equilibrium of Solution, Adsorption and 
Loose Chemical Union of CO a .—At the initial temperature of 2° C. the apples 
start with a certain percentage of CO a in their air spaces plus bo much in sola* 
tion in water in equilibrium with this, so much CO a adsorbed and so much 
loosely united as bicarbonates, etc. All these states are reversible ones, and 
the equilibrium point of each will be shifted to a lower value in the sorbed 
phase by a rise of 20° C. in the temperature. From each state then CO a 
will tend to be liberated by a riBe of temperature, and it might be thought that 
the exoess production of CO a that we have noted was simply an outcome of 
the shift of these equilibria. Thus the absorption coefficient of water, when 
heated from 2° C. to 22° C., falls from 1 *6 to 0*8 ; so that the water would 
give off half its dissolved CO a provided it continued in contact with the same 
external partial pressure of CO a . On further consideration of the conditions 
established in the heated-up apple, it appears, however, that this provision 
is not complied with. For an apple at 22° C. gives off steadily by respiration 
to the air ouzrent some 8*0 times as much CO a as the apple at 2° C., and as the 
ultimate stage in this escape is inevitably a diffusion gradient across the 
surface of the apple there must be maintained a much higher concentration 
of CO a inside this surfaoe at 22° than at 2° C. for such a transference by diffusion. 
The increase of diffusmty and decrease of viscosity in the medium are not 
very great for this rise of 20° C. 

In accordance with this expectation it has been found by work to be pub* 
fished subsequently that the internal atmosphere of an apple contains at least 
five times as much CO a at the higher temperature. The rise of internal partial 
pressure of CO a is thus so great that it actually overbalances the shifting of 
the solution equilibrium point. It follows that the water in a respiring apple 

A Q 

at 22° C. should contain in solution at least z—? x 5 = 2*5 times as muoh 

v 1*6 * 
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GO, os at 2° 0. Wq cannot, then, attribute any of the evolved excess to this 
source. 

Another possible physical source of CO, would be the liberation of adsorbed 
GO, by the rise of temperature. The same general considerations must be 
borne in mind as for the case of solution in water. The actuality of liberation 
will depend upon whether the known rise of partial pressure of CO, within the 
apple to about five-fold is adequate to balance out the lowered affinity of the 
adsorbent. There is no quantitative knowledge available for the apple; also 
its content of organic matter is low. It is to prooesses of a metabolic nature 
that we inolino, therefore, to attribute the observed change of temperature 
effect. To the two metabolio processes that suggest themselves we may give 
the names of “ carbohydrate equilibrium effect ” and “ intermediate com-’ 
pound effect.” 

The Carbohydrate Equilibrium Effect .—It is well established that suoh a 
change of temperature as our apples are subjected to, produces a shift in what 
is generally called the starch-sugar equilibrium relation, so that sugars accumu¬ 
late at the expense of staroh during the time the tissues are kept at low tempera¬ 
tures. When the tissues are brought to a higher temperature this accumulation 
of sugar is reconverted to staroh so that initially the sugar concentration is in 
excess for the high temperature state but rapidly declines. We should expeet, 
as a result of this sugar behaviour, high initial respiration at 22° C., falling 
with time as the sugar falls. This respiration effect is very marked with 
potatoes on ohange of temperature and the apple offeot might be of this nature. 
There is also evidence that such temperaturo ohanges affect the relations between 
cane sugar and hexoses. The respiratory effect in apples might be due to this 
metabolio cause. 

The Intermediate Compound Effect .—Picturing respiration as fundamentally 
a sequence of linked reactions its progress at a steady state must be associated 
with definite equilibrated concentrations of the series of intermediate compounds 
that constitute the reactants. With rise of temperature and the change from 
a steady state at 2° C. to a new steady state at 22° C. there are possibilities of 
transient excesses of CO,-production according to the varying effect of the rise 
of temperature upon the component reaction velocities. 

We have before us, then, three possible mechanisms that may oontnbute 
to the excess production; the adsorptive, which is outside the ceU*s metabolism; 
the oarbohydrate equilibrium whioh is metabolio but outside the essential 
respiratory nexus; and the intermediate respiratory compound, which is of 
the essence of the respiration itself. It would seem that these three mechanisms 
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have sufficient differentia for os to hope, later, to diating niah between them. 
All we can do at present, as a contribution towards solution of this problem, 
is to survey the set of effects that we have recorded and determine whether the 
variations of magnitude and timing that they present give any helpful indica¬ 
tions. Some indication might be obtained should a dear correlation appear 
between the varying size of these effects and some other feature of the apple 
respiration. Were the effects of identical magnitude in all oases, then this 
relation might be hdd to support the physical interpretation. Should there 
be a close correlation between intensity of individual respiration and the 
magnitude of the effect, then the intermediate respiratory compound view 
would find support. If on the contrary the effects were large at early stages 
of senesoenoe and steadily deolined chronologically so that there was a corre¬ 
lation with what we may call “ starvation,” then this would support the carbo¬ 
hydrate equilibrium interpretation. We shall see presently that no single 
one of these possible correlations dominates the whole situation. 

One considerable difficulty that stands between the observer and eluoidation 
of these transitional phenomena is that the intensity and duration of an intra¬ 
cellular production of C0 f is so much distorted when the observed signs of it 
are only the intensity and duration of outward escape of CO, by diffusion 
through the surface of the massive tissues of an apple. Should a few oubio 
centimetres of CO, be suddenly produced in excess by the respiratory mechan¬ 
ism, which before and after maintained a steady state, then this would not 
manifest itself outside as a sudden output of CO, of identical timing and 
intensity, but as an output which might rise fairly quickly to a maximum but 
would decline quite slowly again towards the steady rate, owing to diffusive lag. 
The decline would take the form of a “ logarithmic curve.” It is clear then 
that when we observe the CO, production of an apple falhng in a curve of this 
sort from a high level to a lower level, and taking many hours to complete the 
falling transition, we cannot conclude that any actual internal production 
of CO, has been continuing at a heightened rate beyond the point of time at 
which the high level ceased and the fall began. The observed esoape of CO, 
may be described as a distorted anamorph of the production. 

A measure of the total magnitude of the exoees internal production of CO, 
is, of course, given by the total excess esoape of CO„ provided our graphio 
records provide a sufficiently certain base-line above which to measure the 
area expr essin g the excess esoape. This certainty we do not possess in dealing 
with the initial temperature effect in the apples, but we may take a summary 
sorvey of the magnitudes in excess of the base-line which is provided by the 
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iheocetioal extrapolated coarse of the air line This syrvey is represented in 
flg 7 where the common base lme *tand for the air line level and each magnitude 
is represented as the area of a triangle emerging above this base The vertical 
side of each triangle gives the height above the air line value which the CO t 
output teaches at its maximum and the length of the triangle along the base 
line measures the tune between the maximum of the effect and its extinction 
at the inflexion point on the air lme 

In this figure are assembled a series of these triangles and we have to enquire 
whether their respective sizes fall mto any simple system After a careful 



FlO 7 —A diagrammatio presentation of the relat ve magnitudes of the excess (_O t pro 
duction in the change of temperature effect for the 10 recorded oases The areas 
of the triangles pr >vi le tl relative measures of magnitude the vertical axis being 
intensity and the horizontal d iration The base of oach triangle measures the tune 
of the falling part of the effect from the observed maximum to the on 1 at tl e inflexion 
point Iho vertical of each tnanglo measures th intensity of the excess produ tion 
above the arl itranly adopted v ilue** f the ideal air line the true base lino from 
which the excess sho ild be measured cannot at present be determined The triangles 
are arranged in three senes conesponding to the throe classes f rate of ripening and 
are spaced out within the classes so as to 1 nng correspon ling states of senescence ver 
one another Thus arrayed we find mdi ati m (f an initial declining senes followed 
by a reversion to high magnitudes and then a second declining senes 

survey of the cases it seems to us that the distribution of magnitudes has a 
dual determination and that it is hrst of all essential to take aocount once 
more of the ABC Class schema evolved in the first section In fig 7 the 
individual oases have been grouped mto three rowB for the three classes and 
spaced along the rows according to thur positions on the rising and falling 
slopes of their respective classes In Class A we find apples V and VI IX and 
X and XI and XII which are on the rising slope presenting a dear chrono 
logical drift of declining magnitude of the special effect bo that here there u 
an inverse relation to using magnitude of general respiration and a direct 
VOL 0111 — B 2 i 
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relation to progressive starvation. Further along on the falling slope of Claw 
A we have apples XIX, XX, XXI, and these show another declining series 
with time and progressive starvation, but here, in contrast, the general 
respiration pitoh is falling with time. Between these two groups the special 
effect must have increased in magnitude, but the only available apple between 
is XVII, so there is not dear evidence of the real course of the facts in this 
region. In Class B we have a suggestion of a parallel to the second falling 
group in the relation of the series XVIII to XXIII and XXV. Apple XIII 
provides a very low value in the middle region. Class C with its long con¬ 
tinued rising slope provides a diminishing series of effects from VII and VIII 
to XXII followed by the large effect of XXIV. 

Viewed in this way it may be held that the whole set of effcots shows evidence 
of decreasing magnitude with progressive starvation up to the maximum of 
initial respiration, but that here the end of the senescent rise of general respira¬ 
tion brings afyout metabolic change to a new basis, and the magnitudes rise 
only to decline once more as starvation progresses further. For this inter¬ 
pretation of the magnitudes of the initial temperature effects as a double series 
of drifts we do not daim even high probability, but it provides suggestions for 
future examination. At least it seems dear that the observations cannot be 
rationalised without recognition of class grouping and of the main phases of 
Benescent drift. 

Thero are a good many factors that might be significant in the interpretation 
of these effects. We have hod the advantage of additional suggestions from 
our colleague Mr. Briggs in discussing this and other biophysical aspects of the 
present stage of our general analysis of respiratory phenomena. 


Conclusion. 

In this paper there has been taken up the task of treating analytically the 
respiratory phenomena presented by a collection of apples in storage which are 
slowly ripening during a period of eight months. The general metabolic 
phenomenon that is proceeding in such a population is a steady drift through 
a definite ontogenetic phase, which, to distinguish it from the phases of 
adolescence and maturity, we term the senescent phase. ThiB phase consists, 
in essence, of a fundamental change in the organisation of the tissues, which 
we describe as a lowering of the normal organisation-resistance, so that hydro¬ 
lysis of reserve and semi-reserve substances proceeds at a faster rate than in 
the mature phase. This change leads to a greater production of the effective 
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substrate for respiration, and so to an increased production of CO a . When 
this senescent change has completed itself respiration falls in the direction of 
aero by the natural starvation condition that is present in an isolated plant 
organ. 

Our procedure for the analytic study of this stored population kept at about 
2 • 5° C. has been to remove from it individual apples at intervals and to examine 
their respiration at 22° C. The primary quantitative features that the 
respiration of each individual presents are two : (1) the initial value which is 
the measure of its physiological state when removed from store, and (2) the 
form of the subsequent course of respiration hour after hour when continued 
at 22° C. These two features exhibited a great variety of magnitudes and 
forms, and at first sight the distribution of these in chronological series, apple 
after apple, seemed to be almost random. After careful critical collation of 
all the forms, evidence of systematic drift emerged. 

Finally the conclusion was forced upon us that there were certainly two, 
and possibly three, physiological classes of apples present, which classes 
ripened at different rates so that chronology and metabolic drift of the whole 
population did not move together. On correcting for this we could formulate 
the characteristic phases of the metabolic Benescent drift, and show their 
succession in each class. We found then that the observed respiration of an 
apple 1 b an integration of two independent and opposed processes that are at 
work in senescence. One is the starvation drift at 22° C., tending continually 
to lower the respiration, while the other, tending to accelerate the respiration 
is the lowering of organisation-resistance, expressed in this connection as rise 
of hydrolysis-facihty. 

In the third section of the paper a scheme has been presented in which 
these tendencies are brought to account, and it is shown that the observed 
types of phenomena can be reconstructed m this way. We would not claim 
that the interpretations that we have put forward in this paper are fully 
established by the evidence produced. We set ourselves the task of examining 
every detail of respiratory behaviour, and after collation of the details drawing 
up a schematic interpretation. As the apples were steadily drifting into new 
metabolic states, one after another, all the time, it was not possible to go back 
and recapture any precise set of conditions. Experimental verification of a 
hypothesis was therefore not a practicable procedure. Only by working over 
the whole field again in another year will it be determined how far the details 
of interpretation can be maintained. 


2 i 2 
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Introduction. 

The previous paper of this series contains a study of the respiration of a set 
of 21 apples brought from cold storage at 2 • 5° C. and examined in the laboratory 
at 22° C. The complex phenomena presented by the respiration while in a 
current of ordinary air were alone dealt with in that paper, but these some 
individual apples were also investigated in nitrogen and in various percentages 
of oxygen. In the present paper the respiration data obtained in nitrogen 
are to be examined, while a subsequent paper will take up the phenomena 
presented in concentrations of oxygen. 

The complexities of CO,-production in nitrogen are no less than those already 
studied in air, though they bring us into a new field in which the oxidation 
factor is exoluded. The behaviour of a number of individual apples alternately 
jq air and nitrogen is recorded by long series of continuous observations, and 
these call for detailed analysis. 
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So many relations which seem both novel and significant emerge from this 
analysis, that we propose to set out our study of them formally in three 
successive parts. Part I deals with the actual course of CO a -production in 
nitrogen and presents our observations empirically as a set of “ nitrogen 
effects.” In Part II, our data are presented in the way usually adopted by 
workers in this held, in that the magnitudes of CO a -production in nitrogen are 
Set out as ratios to the CO a -produotion in air. This stage of analysis points 
the way to a more fundamental examination, which is carried out in Part III. 
In that part an attempt will be made to interpret the observed phenomena 
as manifestations of the working of a catalytic system of respiratory reactions, 
bringing into account both the main aspects of respiration, namely, those of 
oxidation and those of carbohydrate consumption This part is presented 
as the third paper of this senes. ‘ 

Experimental Procedure .—The general conditions of experimentation are 
fully described in the first paper, and need not be repeated. For the nitrogen 
experiments the procedure adopted was to disconnect the air stream through 
the apple chamber and to substitute a stream from a cylinder of compressed 
nitrogen, the flow being adjusted by a valve to give the standard rate of 
1500 o.c. per hour. The stream of gas issuing from the chambers passed to a 
set of Pettenkofer tubes in which the CO a was absorbed by baryta; the 
production of C0 2 is expressed ns milligrammes per 3 hours per 100 gins, 
fresh weight of apple. 

Tt was found that some cylinders of commercial nitrogen contain as much as 
1 per cent, oxygen. As very small partial pressures of oxygen give quite 
different results from oxygen free nitrogen, the gas had to be freed from 
traces of oxygen by slow passage over heated t opper gauze on its way to the 
ohamber. This gauze was contained in a silica tube in an electric furnace 
heated continuously to 700° C. After the furnace came a Pettenkofer tube of 
baryta Solution to remove any traces of CO 2 before the gas passed to the apple 
ohamber. 

Part I.—An Empirical Survey of ihe Effects of Nitrogen upon 
C0 2 -Produciton in Applrs. 

The Records .— Am ong the full records of the respiration of individual apples 
set out in the Appendix to this paper will be found 10 oases in which individual 
apples have been subjected to nitrogen for periods varying from 40 to 100 hours 
and their CO a -production compared with that m air. Nine of these cases 
bear, in chronological order, the numbers VII, XI, XIX, XXI, a , XXI, b, 
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XXII, XXIII, XXIV and XXV.* In this list appear no more than 2 out 
of the first 18 apples, while 5 out of the last 6 were examined in nitrogen. 
Behind this unequal distribution lies the story of a quite unexpected com¬ 
plication. The record of the first apple treated with nitrogen, No. VII, was 
evidently of quite the same type as we were familiar with from a detailed 
study of the behaviour of Cherry Laurel leaveB in nitrogen, so this section of 
the work was dropped for experiments on small percentages of oxygen. Not 
until apple XIX was a seoond experiment made on respiration in nitrogen, 
and to our surprise the type of record obtained was quite different from that 
of VII. This divergence concentrated our attention on nitrogen for the rest 
of the series, but the lack of more nitrogen records in the first part of the series 
leaves several problems unsolved for the present. 

The numerous nitrogen experiments made after XIX showed that there 
were really two well-characterised types of nitrogen effect. 

Of the nine records in nitrogen to be considered, seven were cases in which 
the nitrogen treatment was both preceded and followed by a period in air, 
and these must first occupy our attention, leaving the two complicated cases 
in which the treatment was different for Section III. 

Fig. 1 presents a chart of the directly significant parts of the records of 
these Beven apples, arranged so that the hours of beginning of nitrogen for all 
cases are in alinement. The chronological order of the experiments was that 
of the Homan numerals attached to them, but they are not arranged in that 
sequence but are grouped into the two different types of nitrogen effect. It 
will be seen that the top three in the chart differ in general appearance from 
the bottom four. One of the main puzzles, on the first survey of results, was 
to find out some explanation of why, apparently at random, one apple gave 
one type and another the other type. The difference could not be directly 
correlated with immaturity and maturity, because the first apple examined 
in nitrogen, VII, in November, gave the same type as two of the last examined 
(XXII and XXIV) in June of the next year. Those examined intermediately 
(XIX, XXI, a, and XXI, b) gave the other type of reaction. Nor could the 
difference be correlated with differences of high and low magnitudes of respira¬ 
tion in air, for VII has a low air value, while XXII and XXIV havo high ones. 
Apple XXV alone gave a reaction that could, to some slight degree, be regarded 
as intermediate between the two types. 

* The tenth ease, that of apple VIII was exceptional, being attacked by a fongui 
mycelium, and the oomplex problem of the effect of nitrogen on the respiration ol the 
combined system is postponed to Section IV. 
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The solution came, not from a study of the nitrogen records themselves but 
from a detailed analysis of the behaviour of the respiration of individual 



Pi a. 1.—Presentation of seven example* of the offoot of nitrogen upon CO a -productioii, 
being all the olwerved cases in which nitrogen was preceded by air. AH cases alined 
for hour of entry into nitrogen. The heavy continuous lino is the record of the CO t 
in nitrogen. Tho broken line before and after nitrogen jb the record of CO! in air. 
The dotted line givos the “ air-lme respiration” by interpolation. For tho full 
records, see the charts in tho Appendix Groups of the appropriate ordmnto values 
are given to tho left. Tho top three records are those of Class C apples ; the bottom 
four those of Classes A and B. 

apples in air. This has been carried out in the first paper of this series, where 
the conclusion has been arrived at that these apples were not really a 
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homogeneous population, but that they must be segregated into representatives 
of certainly two, and probably three, physiologically distinct classes. Class A, 
distinguished by quick ripening, is sharply marked off from Class C, whioh 
ripens very slowly, while there is some evidence for a third Class, B, which 
ripens at an intermediate rate. It is a great support to this conclusion to 
find that this classification gives the key to the distribution of the two types of 
nitrogen effect. 

We have now to bring into prominenoe the striking differences between 
the two types by characterising each of them. In the records brought together 
in fig. 1, the abscissal hours are numbered from the change into nitrogen from 
air; and the continuous line gives the course of the CO # -production that 
results, expressed in milligrammes CO a per 300 grm.-hours of fresh weight of 
apple. The figures on the ordinate axis adjacent to each record give a group 
of the numerical values appropriate to that particular record. The broken 
line for 30 hours before zero time gives the course of respiration in air during 
that period ; while the broken line after the continuous line marks the course 
of respiration in air when the apple is returned to this gas. The fine dotted 
line which continues the first broken line through the period in nitrogen is 
the course that, we conclude, the respiration would have followed in air had 
not nitrogen been substituted for it. These pieoes of the line together con¬ 
stitute the “ air-line ” of the record. It will be noticed that the interpolation 
only joins the actual air values some way on after the apple is back in air again 
—not till there is evidence that the respiration is really in adjustment with air 
again and the transitional after-effects havo passed away. 

We may now consider the two types of nitrogen effect in separate sections. 

Section I.—The Nitrogen Effect toith Apples of Class C. 

To this class belong the records of apples VII, XXII and XXIV, presented 
at the top of fig. 1. In all three of these records it will be seen that when 
the apple is subjected to a current of pure nitrogen the resulting change of 
CO ( -production follows a highly characteristic course. It rises at once for a 
few hours and then falls sharply to a level identical with that of the air-line; 
after this level value has been maintained for a longer or shorter period of time, 
there sets in, quite suddenly, a rapid decline of the respiration in a falling 
straight-line course. 

The whole observed record for apple VII lasted no less than 11 days of con¬ 
tinuous estimations, each of 3 hours' duration (see the Appendix for the full 
reoard). Before nitrogen was given the apple had been observed in air already 
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lot 94 110018, but only 30 hours are brought to this special figure. The air 
reoord before nitrogen is nearly level, with a faint rise in it. After the change 
to nitrogen there is a rapid rise, giving a crest with a maximum of 16-6 about 
9 hours after the ohange. This outburst of C0 2 subsides as quickly as it rose, 
and in 20 hours from the beginning of nitrogen it is down to the original level 
that it held in air. At this level it now remains from hour 20 to hour 48, 
when it starts a new change and declines fast in a straight line, reaching 
11*3 mgs. at hour 68. At this point its nitrogen experience was terminated 
by a current of air. 

The air record after nitrogen never rises above the “ air-line ” and there 1 b 
apparently a good deal of metabolic disturbance following the exhibition of 
nitrogen in the record of VII, for the C0 2 values follow a fluctuating course, 
drifting first up, then slowly down and up again, before the air-line is reached 
once more, in a couple of days. It is not proposed to interrupt the exposition 
of these nitrogen effects by justifying in detail the course given in the figure to 
each air-line. These are considered in the notes to the Appendix containing 
the whole records. 

Not till apple XXII did we get another record belonging to the type of 
Class C. The respiration in air was 16*1 when nitrogen was given, and rose 
to 18*2 in 5 hours, it then fell to 16*1, completing the hump in 12 hours. 
After this there comes a level course, lying on the air-line, lasting till hour 28, 
at which time the steep downward track sets in, reaching 12*7 at hour 60, 
when air was given again. The behaviour after air is identical with that of 
VII as far as it was followed. Like VII, the fluctuations rftart with a sharp 
rise, but not enough to bring the record above the air-lme. The chief difference 
from VII is that the level second phase in nitrogen is so much briefer in XXII, 
16 hours instead of 27. This apple XXII was green-yellow and nearing 
maturity, while VII, taken six months before, was unripe green. This sug¬ 
gests a decreasing resistance to anaerobic conditions with advancing senescent 
development. 

Seeing how comparatively rare this type of nitrogen effect had been up to 
experiment XXII, it was surprising to find that one of the next pair of apples 
to which nitrogen was given—XXIV--belonged again to this type. The 
respiration before nitrogen had been followed for 100 hours and had been rising 
for 86 hours; then it became nearly level for 16 hours, reaching 20*8 
when nitrogen was given. We now get the characteristic sharp hump of 
16 hours' duration, but here rising higher, up to 24*4. This was followed 
by signs of a level phase on the presumed air-line, but this only lasted 
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6 hours and suddenly down plunged the line of CO ,-production. In this 
case it was decided to determine whether this fall was in any way a toxio 
effect, for no apple had been killed by nitrogen among the previous experi¬ 
ments. Nitrogen was therefore kept on for 112 hours (see the full record) 
and the fall continued straight down to the value of 5*3 and then sloped off 
less steeply to 2*4. When air was readmitted the respiration only rose to 
4*0, so that this apple has been practically killed by absence of oxygen for 
112 hours. 

With these three cases it is difficult to avoid the conclusion that as apples 
of this type slowly ripen, their mctabolio working changes so that they become 
m some way decreasmgly resistant to nitrogen treatment. 

One more nitrogen experiment- XXV—was tried before the work had to 
be brought to an end, but this turned out not to belong to the type of Class G. 

The three apples VII, XXII and XXIV are, then, the cases on which a special 
type of nitrogen effect was established. It was only later that it was made 
out, from study of the air records and apple colour, that there were classes of 
apples of different ripening rates, and then it was seen that the slow-ripening 
Class C was just co-extensivo with the group that gave this Cherry Laurel-leaf 
type of nitrogen reaction, and could not resist, without depression below the 
air-line, long withdrawal of oxygen. 

It may be mentioned here that on consideration of the early apple VIII, 
which became attacked with mycelium and is therefore to be dealt with 
separately in Section IV, we came to the conclusion that it also was a repre¬ 
sentative of ClasB C. 


Section II.—The Nitrogen Effect with Apples of Classes A and B. 

There are in all six records which conform to thiA type of nitrogen effect, 
but in this section we shall only consider XIX, XXI, a, XXI, 6, and XXV. 
postponing to the next section the cases of XI and XXIII, because these two 
were not in air immediately before exposure to nitrogen, but in other gas 
mixtures. Their forms, therefore, need more interpretation than those now 
before us. All theso four cases, os their high serial numbers show, came late 
in the season, and even the earliest, XIX, had begun to turn yellow' in cool 
storage. On reference to fig. 3 in the first paper of this series, which presents 
a schema of the senescent respiratory drift of the three classes, it will be seen 
that all these individual apples, whether belonging to Class A or Class B, ace 
well down the descending slopes of the schema. Had the main lines of grouping 
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of the apples been known beforehand, care would have been taken to investigate 
also in nitrogen the less Benescent apples on the ascending limb of the schema. 

Our immediate object in this section is to compare these A and B records, . 
determine the common elements in their form, and show how much their appear¬ 
ances contrast with the typical form of Class C. The graphio treatment will 
be similar and the four records are to be found at the lower part of fig. 1. 

We may first consider the records of apple XXI, a, and XXI, 6, as this apple 
underwent longer examination than any other case. This apple had been 
observed in air for 60 hours before nitrogen, and the course of the air-line was 
well established, having fallen in a steepish curve to the value of 12*4 (XXI, a). 
With nitrogen, there is a big immediate rise of CO s , reaching the top of a hump 
at the value of 18*2 in 10 hours and then declining in a fluctuating curve, but 
all the time well above the air-line. At hour 48, air was given again and there 
is a rapid drop in the record. When, however, the value reached that of the 
air-line it did not stay there but carried on, giving a marked dip below the air- 
linrf values. This fall gradually slackened off and presently ceased, after 
which the values slowly mounted to the air-line and thon continued along it. 
The drift of the air-line is here well established, as the apple remained in air 
for a further 140 hours. 

Comparing the records in air, on each side of the nitrogen experience, we 
see that they can be joined up to give one regular continuous air-line drift, 
and it appears that nitrogen has had no permanent disturbing effect whatever. 
It was decided, therefore, to give an even longer exposure to nitrogen with this 
same apple, and record XXI, b, which, in the general records, should be dircotly 
continuous after XXI, a, is shown in fig. 1, alined under XXI, o, for comparison. 
The air value of 9*7, at which nitrogen was given the second time, comes just 
about a week from the beginning of the XXI, a, record. Still we find exactly 
the same reaction to nitrogen, though the hump is here not so high absolutely. 
The exhibition of nitrogen lasted 97 hours this time, but there is no trace 
whatever of the toxic effect of nitrogen found in apple XXIV of Claro C. 

The long record of XXI, b, is instructive as demonstrating that the main 
drift in nitrogen docs continue on as a downward slope which converges on the 
air-line. The track clearly follows an undulating course, fluctuating on either 
side of the ideal line that can be drawn smoothly through it. The fluctuations 
get less and less as the pitch of the line declines. Air was given at hour 335, 
and the record in air is again of th&same type as at the end of XXI, a, passing 
through a dip below the air-line at about 18 hours. The whole experiment had 
now lasted 17 days, and further exhibition of nitrogen on it could not be tried. 
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We may now turn to apple XIX, which preceded XXI. The respiration in 
air was first observed for 46 hours and fell fairly rapidly, reaching 14 *2, at 
which point nitrogen was given. There follows a very pronounced hump, 
reaching the high level of 21 '6 at hour 22 and falling m an undulating track 
till hour 72, the respiration in nitrogen being still greatly above the air-line. 
At this point air was given causing a rapid fall, and the record cuts the air-line 
in 12 hours and then dips below it. The temperature adjustment of the thermo¬ 
stat failed here and the experiment was discontinued, but the record, aa far 
as it goes, has exactly the same features as the records of XXI, a, and XXI, 6. 
As the record was not followed on to return to an air-line, the exact location 
of that air-line cannot be established, but reviewing all the evidence its course 
cannot be far from that drawn in the figure. 

The last apple of this class to be examined is XXV, which was definitely 
selected from the cool store as being the ripest and yellowest apple showing 
no trace of brown that was present at that date (June 21). Apples of the C 
class were still greenish, and most of the A apples had rotted, and there is dbme 
evidence for regarding XXV as belonging to the B class, which is held to ripen 
a little slower than A but much faster than C. This case was observed in air 
for 56 hours, dining which time the respiration fell gently to 12*6. Nitrogen 
was then given and produced the usual quick rise, to a maximum of 15*8 in 
7 hours. Then the respiration declined quickly by a slightly wavy record for 
48 hours, rapidly converging on the air-line. When air is given the record 
shows a new feature, in that the CO,-production first rises to give a small 
hump and then slopes away slowly to just below the air-line, afterwards rising 
gradually to it. It is curious to find that the superficial form of the record in 
air after nitrogen, in this case, more closely resembles its own record in nitrogen 
after air than any other record of air after nitrogen. Clearly this apple has 
some special features, and at first it was thought that these might be characters 
of Class B, but again it is the extreme end of the ripening series and its special 
features might be the expression of this position : the latter is the view that 
we adopt when in the next section we come to consider yet another apple of 
Class B, namely XXIII, which comes just before XXV in the ripening series 
and provides a transitional form to this extreme, all within the essential 
limits of the type we are considering. 

We may stun up the characteristics of the nitrogen effect with apples of 
Classes A and B as being, first, that the respiration lies well above the air-line 
instead of upon it, and, second, that it presents a continuous slow decline. In 
appearance it may be imagined that the decline, whioh is faster than that in 
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air, would ultimately bring the nitrogen CO t down to equality with the air¬ 
line value, such aa characterises the C class, but we have not been able to 
pursue the problem so far for Class A. 

The only feature that appears to be common to the two classes is that the 
first immediate effect of nitrogen is to cause the CO a -production to rise sharply 
above the previous level in air. The fact that these two classes should differ 
in every other particular feature seems to us a striking phenomenon and 
evidence of a metabolio difference, the general nature of whioh was only 
characterised after long analytic study. 

On comparing the features of the return to air after nitrogen, it is clear that 
one essential contrast must exist between the types, arising out of the fact that 
the A apples have a long way to fall to the air-line while the C apples have been 
depressed below it, and must rise. Neither of these changes proceeds by what 
we may call the most direct route. Class C typically shows a sudden transient 
rise of respiration on return to air, but this subsides again before the final 
rise to the air-line is achieved. In Class A the rapid initial fall is not arrested 
when the air-line value is first reached, but sweeps below it in a transient dip 
from which it rises to attain the air-line finally. With apples of Classes A and 
B in the most advanced senescent stage, this typical form undergoes a modi¬ 
fication, which suggests an affinity with the type of Class C, in that a transient 
hump of CO a -production is the initial reaction to air, and this phenomenon is, 
as it were, superposed on the fall from nitrogen values to the air-line. 

Section III.—The Nitrogen Effect after Gas Mixtures other than Air. 

With all the nitrogen records considered in the previous sections, the apple 
was respiring in air up to the change into nitrogen. We have now to consider 
the two oases in which the apple was in an atmosphere either muoh richer in 
oxygen (100 per cent. O a , apple XXIII) or much poorer in oxygen (5 per cent. 
0 a , apple XI). Examination of these records will show what effect this 
difference of antecedent conditions has upon the respiration in the nitrogen 
period. Both apples were returned to air at the end of the period in nitrogen. 
In fig. 2 the records of the nitrogen experience of these two apples have been 
brought together, alined at the transition to nitrogen. 

Apple XI—Transition 5 per cent. O a to Nitrogen.— The apple was in air up 
to hour 24, which locates the first stage of its air-line, but was then treated with 
5 per cent, oxygen. The effects of this gas will be dealt with fully in the fourth, 
paper of this series: it suffices here to observe that the CO a -production steadily 
falls in 5 per cent. 0 a till at hour 67 it lies at about 0*7 of the air-line value. 
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At this hour pure nitrogen is given, and we see the respiration rising steadily, 
cutting the air-line in about 12 hours and continuing to rise well above the 
air-line in a way which is characteristic of Class A and not of Class C. The 
maximum value is not reached till 24 hours, and then there sets in the steady 
decline of the A type, converging on the air-line. The course of the fall is not 
well established as owing to failure of clockwork six three-hour readings are 
merged mto one of 18 hours. At hour 110, after 40 hours in nitrogen, air was 
given, and the oourse will be commented on shortly. 

Apple XXIII — Transition 100 per cent. O a to Nitrogen. —This apple was 
initially in air for 02 hours, so that its air-line is well defined. At this hour 



Fio. 2.—Two examples of the nitrogen eilect after gasea other than air, XXIU from 100 
per cent. 0 ( and XI from 5 per cent. O,. Both were returned to air after nitrogen. 
The whcJe of the CO, record observed is given by the heavy continuous line; the broken 
lines are the air-lines of the two apples. 

pure oxygen was given, and we see the respiration rising steadily to a level far 
above the air-line and then maintaining a line 1*40 times the value in air.* 
At hour 124, nitrogen was given, and in spite of the high air value, the respira¬ 
tion rises, at first still higher, but then declines steadily, as is characteristic of 
an apple of the A or B class. At hour 174, after 50 hours in nitrogen, it is 
still markedly abovo the air-line. At this hour air was given. 

From this survey of the records there seems no doubt that apples XI and 
XXIII both belong to the type of Classes A and B, and neither to Class C. 

Transition Nitrogen to Air—Records XI and XXIII. —With apple XI air 
was substituted for nitrogen at hour 110, and the form of the record seems to be 

* The offeot of oxygen upon respiration will bo expounded in the fourth paper of this 
scrim. 






457 


Analytic Studies in Plant Respiration. 

quite typical of Class A. There is an initial big dip below the air-line and 
presently the reoord rises again to join the air-line. Apple XXIII, however, 
has a different form. When given air at hour 174, the respiration falls smoothly 
and slowly on to the air-line, showing only a slight dip below it. Our inter¬ 
pretation of this form is that it is to be affiliated to that of XXV as an outcome 
of the late senescent stage. Apples XXI, XXIII, XXV make a good series of 
drifting forms in this progress, in which XXIII is clearly intermediate between 
XXI and XXV, for while the latest case, XXV, rises initially before making 
for the air-line and XXT dips below it initially, we find XXIII drops moderately 
on coming into air and reaches the air-line slowly, with only a slight dip in 
the record. 

Section IV.—The Nitrogen Effect with a Mycelium-Infected Apple. 

Apple VIII has a section to itself, because it was the only case in which a 
patch of mycelium developed on an apple during the course of experimentation. 
The record of VIII in the Appendix shows that after 60 hours, though Btill in 
air, the CO a -output started to rise at a very rapid rate, quite unlike any other 
apple of the whole set. The respiration also became very irregular, fluctuating 
widely from reading to reading, so that the “ contour lines ” that contain 
the whole series have to be widely separated. ThiB state of things could only 
be attributed to fungal development. 

Having carried on the record in air for 160 hours, it was thought worth while 
to give nitrogen, and sec what happened when such active mycelium is 
present. A sweeping fall of respiration sets in from the high level of 22*8 
and continues for 36 hours, finishing with a nearly level series at 9*3. After 
12 hours more of nitrogen, air was given again at hour 210. On this the 
respiration rose to a somewhat higher level (probably fluctuating), and after 
36 hours fell slowly to the level of 9 • 3 that it had given in nitrogen. The w hole 
record is so different from others that we can only offer a conjectural inter¬ 
pretation of ita features. One tiling is clear, namely, that nitrogen cuts out 
entirely the souroe of the large irregular output of CO s in air. This must turn 
on the killing of the mycelium by the absence of oxygen, for when air is re¬ 
admitted there is no recurrence of the high values nor even an upward tendency 
in the respiration within 80 hours. We can, therefore, use the values after 
administration of nitrogen as pure apple values, those before being apple 
plus mycelium. The value 9 * 3 suggests itself as the air-line value for the later 
part of the record, as it is the final value in air and also holds for the last 12 
hours in nitrogen. The air-line for the early part of the experiment lies higher 
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and is assumed to begin from an initial value of 12*2, due allowance having 
been made for the “ initial rise of temperature effect.” 

All things considered together, we regard this apple VIII as belonging to the 
same type as Yll (the late ripening group C) and characterised by slowly 
rising respiration initially, under our standard conditions of experimentation. 
The air-line is aooordingly shown rising slowly from 12*2 to 13*4 at hour 60. 
It may be that thin early rise is contributed to by mycelium development, but 
we assume it due to the apple metabolism up to hour 60. After that hour the 
air-line of the apple proper has to get to the lower value of 9 • 3, adopted for the 
later part. The falling curve forming the middle of the air-line is purely 
hypothetical, and its considerable fall implies that a number of apple cells are 
killed to form the brown patch revealed at the finish, in which the mycelium 
is at work. Were it assumed that mycelium had been at work unobserved 
from the beginning, then there need not have occurred any rise at all in apple 
respiration proper, and the necessary fall to the value of 0*3 in the air-line 
might be quite inconsiderable. 

We return to the phenomena in nitrogen and note that this gas was only 
continued for 48 hours. A glance at the nitrogen record for VII will show that 
no depression should be produced in this time and the respiration would be 
expected to lie on the air-line for hours 20 to 48 in nitrogen. This is the 
state of things we have assumed in the air-line here drawn. 

Finally, with regard to the nitrogen after-effect when back in air, we note 
that in neither of the other cases of group C was air re-admitted before nitrogen 
depression (the third phase) had set in. We have, then, a new ease here, and 
we may accept this difference as the explanation of the fact that none of the 
after-values in air lieB below the air-line. The fluctuating form of the after¬ 
effect may well be similar to those of VII and XXII, though this is not proved, 
as owing to the stoppage of the clookwork 21 hours of readings were merged 
into one average value, as seen in the record. Anyhow, there is undoubtedly 
a sharp rise on passing from nitrogen to air, which is a character of group C. 
Also, it seems clear that after 70 hours in air, the after-effect of so short an 
exposure to nitrogen will have completely subsided, so that the value of 9*3 
attained may be safely taken to represent the true air-line value. 

All the characters of this curious record, VIII, can thus be fairly interpreted 
in terms of other experiments if it is regarded as being, like VII, a representa¬ 
tive of Group C. 

Summary of Part /. 

The most striking general outcome of our survey of the 10 nitrogen reoorda 
is that they all belong to one or other of two types, which appear so distinct 
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that there is never any ambiguity about assigning a case to its type. Looking 
at them from the traditional point of view, which stresses the relation between 
the magnitudes of CO a -production in nitrogen and m air, the types seem to 
have practically nothing in common. It is the purpose of our analytic treat¬ 
ment to determine what is really the common measure of metaboluj significance 
between them. 

One most important fact that has been fully established is that long exposures 
to nitrogen have no permanent disturbing influence upon the metabolism, 
except in the case of the late Class C apple XXIV, for when returned to air 
the respiration recovers and returns to the same Tine of starvation drift that 
it was travelling along before the nitrogen was given. This line is drawn 
through all the records as the “ respiration air-line,” and it clearly expresses 
some fundamental and dominant ontogenetic drift the march of which is 
neither accelerated nor retarded to an appreciable extent by exposure to 
nitrogen, however violent the temporary change of CO a -produotion may be. 
The air-line respiration will provide us with a very stable standard of reference 
for purposes of analysis. 

A second important feature of the nitrogen records is that Bitch striking 
things happen at the transitions, when the sudden change of gas takes place. 
Recovery of position on the air-lino after nitrogen may take a couple of days 
and be associated with a temporary phase of very low CO a -production. Entry 
into nitrogen, on the contrary, displays only a short transition, and the form 
is very different with the two types of effects. We hopo to elucidate the 
significance of these transitional forms by the further analysis that we now 
enter upon. 

Past II.— Analysis of the Nitrogen Effects as Quantitative 
Variations of COj-Production from the Air Standard. 

Our general outlook upon the apples under investigation has been to regard 
them as individuals which are undergoing a steady knetabolic drift in storage. 
The broad respiratory expression of this drift is that in its early stages the 
respiration, as measured at 22° C., may keep level for a considerable time, 
while at later stages the respiration steadily falls off m a starvation curve. 

These phenomena were fully set out in the first paper of this senes. The 
only index of metabolic state and dnft that was employed in that analysis 
was the pitch and the form of the “ air-line ” of respiration. Apples of Class 
C, whioh progressed slowly through the ripening drift, provided examples of 
tol. cm.— b. 2 K 
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the level air-line, while those of Classes A and B gave numerous examples Of 
the falling air-line. 

The departures of the magnitude of CO,-production in nitrogen from these 
air standards might be determined in various ways, and we have to examine 
all possibilities in a search for fundamental causes. As CO,-production rates 
in nitrogen and air tend to be either both at a high level or both at a low 
level, one obvious enquiry is as to whether there is not some Bignifioant ratio 
between the intensities or rates of CO,-production in the two states. This is 
the aspect that we may examine first. 

Section I.—A Survey of the Ratios of CO,-Production in Air and Nitrogen. 

As the air-lino of respiration provides us with a stable standard of reference, 
it is a simple matter to express the CO,-production in nitrogen or any oxygen 
mixture as a ratio to the contemporary value on the air-line, which latter 
gives us the value that would hare been produced m air had the apple remained 
m air all along. 

In drawing up our ratios we shall avoid committing ourselves to the use 
of established terms, like anaerobic and aerobic respiration, and employ the 
following symbols, which simply refer to actual data of this investigation and 
the conditions in which they are obtained:— 

NR (nitrogen respiration) values signify rates of CO,-production in pure 
nitrogen. 

OR (oxygen respiration) values signify rates of CO,-production in air or 
other oxygen mixtures. 

ALR (air-line respiration) values are CO,-values obtained from the air-line 
drawn through each record. 

TR (total respiration) values are CO,-values without implication as to their 
metabolic source. 

The expression TR is of value at transitions and in cases that will oome up 
for consideration later, where, in very low oxygen supply, we have mixed 
effects so that TR is useful for the sum of OR + NR. With regard to the 
relation between OR and ALR, it is dear that when the apple is in air and the 
respiration is properly adjusted to air, then OR and ALR are identical. The 
chief use of ALR values is for the periods when the apple is not in air and the 
air-line is drawn by interpolation. When on apple is in pure oxygen or 6 per 
cent. 0„ then the CO,-production is very different from that in air, and heare 
OR values depart widely from ALR values. 
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The present seetion of our analysis is concerned with the variations and drift 
of the ratio — 

NR _ CO, v alue (per 3 00 grm hours) in nitrogen at any poi nt of time 
ALR CO, value of air line at the same point of time 

In Table I are set out the values of NR ALR and their ratios which our data 
provide us with Nine cases out of the 10 described in Part I appear in this 
table apple VIII which was attacked by mycelium being omitted Against 


Table I —Table of NR and ALR Values and their Ratios 



Hours in u trogen 

0 

10 

16 4 
13 7 

1 20 

20 

13 7 
11 7 

1 00 

30 

40 

50 

60 

70 

11 1 

13 7 

0 81 

c 

VII ^ 

NR 

Ai R 

NR ALR 

(20 4) 
13 0 

1 00 

13 7 
11 7 

1 00 

13 7 
13 7 

1 00 

13 4 
11 7 

0 98 

12 2 
19 7 

0 89 


r 

NR 

(21 8) 

16 9 

15 9 1 

15 8 

14 6 

12 7 



c 

XXII 4 

AIR 

it l 

10 0 

11 9 

lo 8 

15 7 ■ 

ir 6 




L 

NR VI R 

1 32 

l r 

1 00 1 

1 01 

0 92 

0 81 




r 

NR 

(27 0) 

“>3 0 

20 8 

17 4 

14 6 




c 

XXIY 4 

ALR 

EED 

20 75 

20 7 

20 0 

20 j 





l 

NR ALR 

1 33 

i n 

1 00 

0 84 

0 70 




B 

xxin r 

NR 

(24 0) 

21 3 

te l 

10 9 

15 8 

16 0 



(after 

ALR 

n 2 

12 9 

12 7 

12 o 

12 3 

12 1 




oxyge ) l 

NR AI K 

1 8 

l b 

1 52 

i 36 

1 29 

I 23 




r 

NR 

(10 0) 

15 r 

14 5 

13 4 

12 4 

11 o 



B 

XXV 4 

AIR 

i 12 r 

12 1 

11 8 

11 5 

11 3 

11 1 




L 

NR AIR 

1 w 

] 1 28 

1 23 

1 16 

1 If 

1 04 




r 

NR 

(22 0) 

20 9 

2 0 

19 2 

18 5 

17 9 

17 4 

17 0 

A 

XIX 4 

ALR 

1 14 2 

13 9 

13 05 

11 4 

13 2 

13 0 

12 8 

12 7 


\ 

NR ALR 

| 1 00 

1 50 

1 47 

1 43 

1 40 

1 38 

1 36 

1 34 


r 

NR 

.(18 85) 

17 8 

16 0 

16 1 

15 4 

14 9 

L14 40 

|u 05] 

A 

XXI a 4 

AIR 

13 4 

12 1 

11 8 

11 5 

11 3 

11 2 

11 1 

am 


l 

NR ALR 


1 47 

1 43 

1 40 

1 36 

1 33 

mam 

| 1 *»] 


r 

NR 

(14 60) 

13 7 

12 9 

1 12 2 

11 6 

11 1 

10 65 

10 20 

A 

XXI b J. 

ALR 

9 7 

0 

9 30 

1 0 2 

0 05 

8 9 

8 8 

8 7 


1 

NR ALR 

1 1 51 

1 44 

1 38 

i 132 

1 28 

1 25 

1 21 

1 18 

" 

■ 






~~ I 

1 XXI" 

b —continued 


Hour in nitrogen 

0 

1 10 

| 20 

30 

40 

■ 


| 100 

A 

XI (after f 

NR 

10 9 

13 5 

16 0 

15 6 

14 5 

9 9 

9 6 

9 30 

0 per cent 4 

ALR 

14 9 

14 6 

14 1 

13 7 

13 3 

8 6 

8 0 

8 4 

0.) \ 

NR/ALR 

0 71 

0 00 

1 13 

1 14 

1 09 

1 15 

1 IS 

1 11 


two it is noted that they came into nitrogen from 100 per cent 0, and 0 per 
oent Of respectively while the other seven were in air before nitrogen The 

2x2 
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values axe set out fox points of time, 10 hours apart, from the beginning of 
nitrogen on to the end of it, which vanes from 40 to 100 hours The ALR 
values have been taken from the Bmooth ALR line, which figures m each 
record The courses of observed NR m the original records do not furnish 
very smooth curves It has been mentioned already that m nitrogen the actual 
record for apples of Class A fluctuates in a wavy course, and the higher thepitoh 
of the record the more ample are the fluctuations For analysis by ratios we 
need a smoother line than some records give directly, and the values of NR 
set out m the table are smoothed values There are, however, only two cases 
where the smoothing we have adopted alters the observed oourse in a material 
way 

The oases whioh have been altered in form are those of XIX and XXI, a, 
the difference between observed and smoothed values being set out in fig S 



Fio 3 —The amoothed curve of the nitrogen effect adopted for the apples XXI , a and XIX 
for which the fluctuations observed in nitrogen were very great lhe individual 
records are given as broken lines, the common smooth form of NR as a heavy oon 
tinuous curve The pitch of the two records is different the respective ordinates 
being given at the two sides 

In this figure the observed points are derived from the full records m the 
Appendix by taking the middle value between the “ coptour bnes ” at the 
specified hour The assumption started from m smoothing has been that, 
as these two apples both belong to Class A and are adjacent in date and m 
condition, they should ideally have a common form of falling NR curve, *nd 
that departures from it should be regarded as individual fluctuations The 
mean form adopted treats the high values of XIX at hours 20 and 30 as being 
excessive and the low values at hours 40 to 60 as defective With XXI, a, 
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on the contrary, hours 40 to 00 give excessive values. In support of the 
expectation of similarity is the fact that the air-lines of these two apples have 
identical forms. Adopting the co mm on form of NR curve drawn in this 
figure and giving it the appropriate pitch for these two apples, we arrive at 
the smoothed series of values that appear in Table I 
The calculated NR/ALR ratios set oqt in Table 1 are all plotted against 
time in fig. 4. There is a group of four m the middle of the figure which drift 



Fro. 4 —A chart of the time dnfl of the ^R/ALll tatioe set out in table 1. Continuous 
carves based on the values calculated for 10-hour intervals. 

downward in the same general way; these are the apples brought into nitrogen 
from air, while it is seen that XXIII, which comes from 100 per cent. O t 
Btarts with an exceptionally high ratio for NR/ALR but falls steeply, till il 
joins the middle group after hour 30. Apple XT, on the other hand, which 
comes into nitrogen from 5 per cent. 0 2 , starts abnormally low and proceeds 
to give rising ratios, till it also joins the middle group about horn 25 and then 
folia off in a similar way. Our first survey of ratios establishes a new and 
important fact, which is, that the previous oxygen experience completely 
alters the NR/ALR ratio for at least 24 hours after entry into nitrogen, but 
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that later on we get ratios that are about the order that we might expect had 
the apple come from air into nitrogen. 

Coming from an oxygen mixture richer than air we get higher ratios than 
from air, while lower ratios are obtained when the apple has come from the 
lower concentration of 5 per cent 0, This we register as a significant principle 
which m itself is m opposition to the idea of the whole situation being dominated 
by oonstant ratio relations Even Betting aside these two speoial cases of XXIII 
and XI, we find little support for any constancy of ratio The tablo shows us 
that if we had to make a general statement for the behaviour of these apples 
in nitrogen after air, we could only say that the ratios observtd ranged between 
1 56 and 1 00 

There ib, however, one set of ratios, which we may call the “ initial NR/ALR 
ratios,” whioh exhibits a certain uniformity It will be seen mthe table that 
we have given m brackets an initial value for the NR series at the zero hour 
of entry into nitrogen This is arrived at by graphic extrapolation of the 
observed series of NR values set out in the table When the apple passes 
into nitrogen from air, the CO ,-production rises considerably and fairly quickly, 
but it takes some hours to load up the tissues of the apple with the new higher 
CO, content, and it is usually 7 to 10 hours before the rising transition brings 
the CO, escape up to the falling line, on which all subsequent NR values he 
The number of points available given the extrapolation a fairly obvious course, 
and so we regard these initial NR values as a c lose measure of the values that 
would be given if the air supply oould be cut off instantaneously and the new 
higher CO, content were to require negligible time for adjustment As these 
initial values provide in each case the maximal value and maximal ratio for 
the function NR, they are obviously of considerable metabolic significance 

Let us then examine the initial NR/ALR ratios class by class For Class A 
we have cases XIX XXI, a, and XXI, 6 all coming from air to nitrogen, and we 
find the ratios 1 55,1 52,1 51, which from our present point of view we may 
regard as practically identical. Since we know that XXI, b was oanried out 
on the same apple as XXJ, a, with an interval of 140 hours m air between, it 
is striking to fiud the same initial ratio for both This demonstrates that the 
initial Tatio is not a relation which shifts with time for a given apple as the 
metabolic drift progresses Even though the senes of ratiOB had fallen to 
1 *33 at the end of XXI, a, yet, after recovery of the apple on to its proper air* 
line, the same initial ratio is given on a second nitrogen treatment, and this, 
though the absolute pitch of respiration had fallen considerably 

fuming to the apples of Gass B we have only the oase of XXV coming into 
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nitrogen from air Here the initial ratio ib 1 33 In Gaea 0 wc have three 
o aa o a the very early case of VII gave 1 50, while the two late oases XXII 
and XXIV give the ratio value of 1 32 and 1 33 It thus appears as if the 
initial ratios after air group round two distinct values which we may round off 
as the values of 1 50 and 1 33 All the 1 33 relations observed come in apples 
at the end of the series such as XXII XXIV XXV while the earlier give 
1 50 ratios but as the classes arc not uniformly distributed along the senes 
it may yet be held that 1 5 characterise s Gass A 1 -13 Class B while Gbbs 
C shows 1 5 at the b< ginning and 133 values six months later 

When we turn from this evidence of uniformity in initial ratios to consider 
the falling senes of ritios for the successive hours as set out in Table T and 
hg 4 we find no signs of any simple system 3 he two apples r f Class B show 
a more rapid fall of ratios with time than the three of (lass A but»v< n within 
this last group though the initial ratios arc close tog< ther at 1 5 the falling 
senes diverge considerably Nor on this < vtended time sc ale is it easy to form 
any conclusion as to the ultimate value cf these ratios had each nitrogen 
experience been kppt on for many days longer 

Ve may therefore present our data m mother graphic way in which the 
mdcfiniti extension of the time axis is telescoped l ig 5 enables one to inspect 
the drift of each typo of respiration as well as the ratios between them Here 
the NR values arc plotted against the <orresponding AIR values the two 
axeB NR and ALR having their common origin at /cro values at the bottom 
nght-hand comer Fach pair of value s from the tabic gives a point on this 
co ordinate system and the points foi (ach individual arc connected up with 
lines which combine them into a drifting series The initial point of each apple 
is distinguished by a circle 

As both forms of respiration arc diminishing by starvation we should expect 
on any simple scheme that each appli would begin somewhere towards the top 
left hand comer of the figure and drift towards the final extinction of respira 
tion represented by the origin at the lowi r right hand coiner If NR and ALR 
should maintain a constant ratio throughout the whole progress thenthc succes 
sive points would, of course lie on t straight line passing through the origin 
A few such constant-ratio lines have been drawn in the figure as eon 
struotion lines, the constant ratios they stand for are indicated at the left 
above There are lines for the following ratios I 00 1 30 1 34 I 52 and 
1 55 It is at once clear that the co ordmated values of NR and ALR show no 
sign of drifting towards zero values in a direct line They move across the 
figure to the right looking at first sight as if they would in tune out the ALR 
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axis high ap and provide the strange situation of considerable ALB values in 
association with zero values of NR 

We may look for a moment at the individual cases in tins figure Cases 
XXI a, and XXI, 6 are of great interest because they represent two successive 
exposures to nitrogen with the same apple Apple XXI, a, has its initial fairly 
towards the left and lying on the 1 5 ratio track With successive hours up 



Fra j —A chart show ing tho co ordination of Is R and ALR values as thoj duft w ltb tune 
The axes aro \ alucs of NR and ALU v ith a common ongui at zero k ive construction 
linos for certain constant ratios for NR/ALR are drawn, and the tstio value for each 
line is inserted in an oval at the top left hand corner The co ordmatod value* of 
NR and ALR for all the Class A and B apples are inserted in the chart bj a aenea of 
dots for each 10 houi interval as given in Table 1 The points of each individual 
apple are linked together liv a heavj broken line tho initial value being distinguished 
hv a cudc 


to the end of 50 hours the pomts move diagonally across, almost in a straight 
course, and reach a value on the 1 34 ratio line During this period the move* 
ment to the right indicates a drop of 4 0 (Id 9 to 14 9) (see the table), while the 
movement vertically downwards indicates a drop in ALR of 1 2 (12 4 to 11 *2) 
This is less than one third of the NR drop Between XXI, a and XXI, b, 
there intervenes a period of about 140 hours in air, but when we start mtrogeq 
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again with the initial point of XXI, b, we find that drop of ALR in thisairperiod 
has been 1*0 {11 *2 lees 9*7) while the shift to the right, along the NR 
axis, has only been 0*2 (14*9 less 14*7). This position allows us to formulate 
the statement that, when actually in nitrogen, both NR and ALR values 
fall off (the former about threo times as fast), but when in air, though ALR 
continues to fall off, yet NR hardly falls off at all. 

It is therefore made obvious that analysis by series of ratios between NR 
and the ALR values is not going to clear up the true situation. The one ratio 
that appears to have a real significance is the 1 *5 ratio, which reappears at the 
initial -of XXI, 6, still the same as the ratio at the initial of XXI, a. Though 
both respiration values at XXI, b, are lower absolutely than at the beginning 
of XXI, a, yet the ratio of them is maintained. This suggests a simple form 
of experimental relation, namely, that if one continued to alternate nitrogen 
and air during the starvation progress towards zero at the ongin, every one 
of the initial points on passing into nitrogen would lie on the 1*5 ratio line, 
which makes directly towards the origin. This we may hold fast to, as being 
a significant fundamental relation. 

With regard to the drift- of NR and ALR values during the nitrogen experi¬ 
ences of XXI, b, we see a repetition of the rapid drift to the right, so that after 
50 hours NR has dropped 3-6 (14*7 less 11*1) and ALR 0*8 (9*7 less 8*9), 
the former 4*5 fold the latter, so that the line of drift is more horizontal than 
in XXI, a. During the further 45 hours in nitrogen the values show signs of 
working downwards. Possibly this downward drift would bcoome more marked 
had nitrogen been continued longer, so that presently the value would have 
got on to the 1-0 ratio construction line. This is merely a formal suggestion 
at present; we see that the points on the track of XXI, 6, representing 10-hour 
periods, are already getting very dose together, forecasting perhaps another 
100 hours in nitrogen to attain the 1*0 ratio construction line. 

Passing now to the other apple of Class A, namely, XIX, whioh was earlier 
in chronology than XXI, a, and has therefore higher ALR values, we find that 
it has also higher NR values and that its initial point has again the 1*5 ratio 
relation, so that by this and by its drift of values while in nitrogen it takes 
its plaoo on the ohart quite as if it were an earlier nitrogen experience of 
apple XXI. 

When we consider the only other case of transference direct from air to 
nitrogen, that of the Class B apple XXV, we note that its initial ALR has about 
the same value as XXI,a, but its NR value is less, so that the initial point lies 
£>n another oonstruotion line, that of the 1 * 33 ratio. Kept in nitrogen, it shows 
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exaotly the same type of behaviour as the Class A apples, drifting rapidly to 
the right, NR having dropped in 00 hours 5-1 (16-8 leas 11*0), while ALE has 
dropped 1'4 (12'5 less 11*1), nearly a fourfold drop in NR. This drift brings 
it by this short time nearly on to the 1 * 0 ratio line and it is still drifting rapidly. 
So that we conclude that though a succession of initials in nitrogen would, for 
this B apple, fall always on the 1*83 construction line, yet long-continuous 
nitrogen would probably drift the values across the 1 *0 ratio line sooner than 
in Class A. 

The other Class B apple, XXIII, shows the effect of exposure to high oxygen 
concentration before nitrogen in that the nitrogen initial has a much higher 
NR value than any other apple, though the ALR value is much lower than XIX 
and little higher than XXV, the ratio here being as high as 1*82. It recovers 
from this temporary effect after 25 hours, and it* three later values are so placed 
that they mingle with the points of XIX and XXV. 

Apple XI shows the opposite displacement from XXIII. Its initial ALR 
value in the highest of the lot, being an earlier Class A apple, but as it has been 
in 5 per cent, oxygen before nitrogen, its early NR values are very low and 
rising rapidly while ALR falls. These ore special transitional values, and the 
first three points might well have been omitted from this graph. Soon after 
the fourth point, this transition is over and its maximum NR value of 16*4 
is reached. Now at last the record begina to behave like the other coses and 
shows values drifting across to the right and a little downward. The track 
is such that if nitrogen had been continued longer the values might soon have 
drifted on to, and across, the 1*0 ratio construction lme. This apple is the 
only early Class A apple investigated in nitrogen, and its case is difficult 
because we have no example of this particular metabolic state which had been 
brought into nitrogen directly from air. We return to this case in Section III 
of the next paper after further analysis has been carried out. 

None of the Gass C values has been entered in this figure because it is dear 
that, Bince ALR values remain practically constant throughout their records, 
the series of NR points will be merely a procession across the graph from left 
to right on one horizontal line, and only this distances between the points, 
indioating periods of 10 hours, will have any significance. Until we oorno to 
investigate apples so early in storage that their ALR line is definitely rising, 
Class C furnishes the extreme type, giving points on a horizontal line, whereas 
all the A and B apples lie on a line falling Bomewhat away to the right. The 
slopes of these A and B lines are nearly all about parallel, moving 3 to 4 units 
to the right for a drop of 1 unit vertically, indicating that NR is falling of£ 
three or four times as quickly as is ALR. 
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The absence oi any tendency for the series of experimental points in tins 
figure to move towards the common origin during the fairly long periods that 
the apples were under examination suggests some essential divergence of the 
course of NR from that of ALR The drift apart of the two valnes is of the 
type that would be expeited if NR were drifting towards aero at a relatively 
rapid rate while ALR drifted m that direction at a very much slower rate 
The striking thing is that recovery of the AT R position is complete on going 
back to air so this tendency does not persist m air after nitrogen 

If an apple after being kept in nitrogen for 100 hours could not be brought 
back to its AT R values by subsequent air but was found to bo permanently 
depressed then it would be assumed that some toxic effect had inactivated 
the machinery but of this there is no sign and we regard th depression as 
metabolic The only possible type of toxic effect that would fit the facta 
would be an auto depression of NR by some product such as alcihol or 
acetaldehyde that accumulated in the tissues comb ned with the absence of 
depression of the ALR values subsequently Instead of complete absence of 
depression of ALR subsequent to NR it would be possible to hold that the toxic 
substance was npidly oxidised to an innocuous one n the early hours of the 
return of the oxygen supply 

In this connect on we have calculated the expected alcohol content of the 
apple tissues at the end of several of the n trogen experiences on the basis 
that 1 molecule of alcohol is produce 1 m association with each molecule of 
CO, This works out at 1 045 mgs alcohol added to the tissues for eat h 1 Omg 
CO, escaping during the j rogress of NR In the 70 hours of XIX 439 mgs 
CO, escape and thtrefore 457 mgs alcohol are accumulated giving a con 
oentration in the tissues of 0 45 per cent In the 100 hours of XXI 6 the 
totals per 100 grms of apple are respectively 369 mgs CO, and 384 mgs 
alcohol giving a concentration of 0 38 per cent alcohol Direct experiments 
have yet to be tried upon the effects of small additions of aloohol No allowance 
for any such depressant effect has been made in the present survey 

By our inspection of NR/ALR ratios we have been led to attribute a certain 
amount of individuality to NR behaviour by which it departs from AIR 
behaviour We have also established the definiteness of initial NR/ALR 
ratios after air and further that quite different ratios are obtained when the 
apple has been brought from higher or lower concentrations of oxygen We 
may now take up another line of analysis 
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Seaton II Analysts of the Relation of ALR and NR Dnfi by Difference 

of Values 

The uniformity underlying the relation of a pair of falling curves if not to 
be found in their ratios might possibly reside m their arithmetical differences 
and when we turn to investigate thiB aspect of the pairs of ALR NR curves 
we come across a significant relation The only region where we have several 
suitable cases available for comparison the group of three records XIX 
XXI a XXT b all of which are Class A and closely adjacent in date and 
condition 

In all these cases NR is greater than AT R and the differences NR less ALR 
as denved from the values set out in Table I p 401 are brought together in 
the upper part of Table IT In the column for zero hour where the ratio 
NR/ALR is for Class A about 1 5 we find a decreasing set of differences 
m the Benal order of the cases each difference being of course half ALR 
Similarly the differences decrease in the column for each other hour Inspection 
of the whole set brings out that ill the senes of differences run a parallel 
course The senes for XXI a is always 1 3 to 1 2 below that for XIX and 


Tnl le II —Table of Differences NR less ALR 
(For Values of NR and ALR see Table I p 461) 


Hour in nitrogen 

o 

10 

*>0 

30 

i ^ 

BO 

00 

70 

1 

Glam A XIX 

7 8 

7 0 

6 3o 

j 58 | 

6 3 

4 9 

4 6 

4 3 

XXI a 

0 5 

5 7 

5 1 

4 6 

4 1 

3 7 

13 SB] 

[3 05] 

XXI b 

6 0 

4 2 

3 60 

1 3 0 

2 >5 

2 2 

1 86 

1 os 

Glam B X\m 

10 8 

m 

mm 

■H 

mm 

2 9 



\xv 

4 1 

KU 

Km 

wm in 

KU 

0 4 



Glam C VII 

1 6 8 

«> 

0 i 

0 ( 

0 0 

0 3 

1 <} 

-2 6 

XXII 

1 r 2 : 

0 2 

0 

l A 

1 2 

2 9 



XMV 

b 8 

2 2 

0 1 

i 2 

0 0 




Glam A XI 

4 0 

j -1 0 

+1» 

1 9 

1 



l 


the senes for XXI b is always 2 8 to 2 75 below XIX The sets of values are 
charactensed then by constant differences * The record for XXI a actually 

* It may not escape the reader a notice that contribution has already been made to 
the parallelism of XIX and XXI a by the procedure adopted for smoothing the NR curves 
for these two cases earned out in fig 3 Had not the ALR values also ran a parallel 
course for the two apples then the parallelism of the differences of the pair would not have 
resulted so that the two results do give more than a single measure of support to the 
independent ease of XXI 6 
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stopped at hour BO, and the two end values in brackets axe additions oalou 
latod on the basis of constant differences so that we may obtain three sets of 
70 hoars duration for further examination 
In fig 6 we present all the NR curves in terms of their excess values over 
their companion ALR curves Those of Glass A now under discussion are 



three oloases of apples A B C are given in separate groups In Haas A bosido the 
four numbered < urvee which run a parallel course an additional curve has been con 
structod on the b une basis but of lower initial ThiB unnumbered curve tuts the air 
bn© at hour 70 In Class B a dotted addition has been made to the observed urne 
of XXin which came to nitrogen from pur© oxygon This constitutes a Rotation 
of the form that might be expected had \XI1I been brought into mtr gen from air 
instead of oxygon The group of Class C unves is descubed on j 475 

there grouped at the bottom It is clear that the more starved the apple 
becomes giving lower ALR values the smaller will be the initial excess of 
NR if the NR/ALR ratio remains constant Since the NR curves are all 
parallel the smaller also will be the excess of NR at each successive hour 
To the three upper observed curves of this gtoup we have added an imaginary 
lower curve also running a parallel course This gives the curve of NR that 
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we should expect on these principles when ALK falls to 6 9, and therefore the 
exoess NR over ALR becomes initially half this value, 3 45 This curve tyss 
been selected as one that would just cut across the ALR curve at hour 70 
After that hour the NR values will be below the ALR 

How much further all these NR curves would drop after hour 70 oannot yet 
be safely predicted The curve for XXI, b was followed on to 100 hours and 
continued to fall and approach the ALR value Graphed on this scale it looks 
as if it might flatten out and never reach ALR but plotting on a more condensed 
scale suggests arrival there in 170 to 200 hours 
In order to present the relation that we have just made out for this group of 
curves in a more realistic setting we have drawn up fig 7, m which the three 
cases examined are set out on one time axis As XXI, a and XXI, 6, were 
carried out on the same apple with a known time in air between them these 
two cases can be accurately spaced on the time axis The case of XIX pre¬ 
ceded XXI but as it was a separate individual the two time scales cannot be 
combined mto one accurately We have therefore located XTX in front 6f 
XXI a to suoh an extent as will allow its air line to run on into the line of 
XXI a in a natural falling curve just as if all three cases had been carried out 
on one apple The general disposition of the parts of this figure can be checked 
on the detailed records m the Appendix to this paper 
The heavy line right through the figure gives the absolute ALR values and 
the three falling NR curves are also marked in heavy hues As construction 
lines we have connected up the three initial NR values by what we may call 
an ‘ initial nitrogen line ” This line could have been drawn by eye well 
enough but the values were calculated from the known ALR values in the three 
cases by using the factors established for the three actual initial NR values, 
these factors being as Table I shows 1 55 ALR for XIX 1 52 ALR for XXI, a 
and I 51 ALR for XXI, b We have added further a line connecting up the NR 
values observed at hour 30 for the three oases and another line for the values 
at hour 70 We see that the " 30 hour nitrogen line ” and the “ 70 hour 
nitrogen line ’ ore practically parallel to the “ initial nitrogen line ’ 

The relation of this sytem of nitrogen lines to the ALR line now becomes clear 
Since the initial nitrogen line has an approximately constant ratio (1 5) to 
the ALR line, then the other NR lines parallel to it cannot have a constant 
ratio to this same line They must tend to cut the ALR line m serial order at 
points of time which are earlier the lower the absolute value of ALR 
The lowest NR line we have drawn is the “ 70-hoor line ”, the 100-hour line 
would be lower still but only XXI, 6, provides us with a point for this line. 
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Uncertainty as to the form of tho continuation of the NR lines after hour 100 
prevents us from completing the schema, but we have suggested that these 
lines continue as falling straight lines at the slope that hours 90-100 indicate. 



Fro 7 —a construction bringing together the two nitrogen effects of apple XXI, a and 6 , 
and that of XIX for comparison of the relation of dnft of NR to drift ALR Tho two 
parts of XXI are c orrectly spat ed on the actual time axis of the record, which is given 
below, but the case of XIX is arbitrarily placed on this tune axia, so that ita ALR 
line runs on smoothly into that of XXI The heavy continuous curves above 
represent the course of downward drift of NR in the three cases between vertical 
lines marking off the first 70 hours in nitrogen With XXI, 6 , the NR curve was 
observed longer, on to % houre but with XXI, o, the aotual observed petiod was 
only 50 hours, the values for hours 60 and 70 being calculated as shown in Table II 
Three construction dotted lines arc added to the nitrogen part of the record. Theeo 
join up, for the three <ases ( 1 ) tho initial NK values at vero hour. (2) the values at 
30 houre in nitrogen, and (3) the values at 70 hours in nitrogen These three nitrogen 
l inn are practically parallel It is brought out in this way that tho lower the absolute 
pitch of NR initially the sooner will the continuation of the NR line make oontaot 
with the ALR line 

At the bottom of the figure m tho middle an imaginary case has been drawn up, 
w here ALR is only 5 0 when rutrogon is given. On adding to thiB an NR curve, con¬ 
structed on the principles set out in the text, we find that NR cutB ALR as early as 
hour 40. 

Aa an inset at the bottom of the figure we have added an imaginary case 
constructed on the principles set out above. Here ALR is supposed to have 
fallen as low as 5*0, and the initial NR will therefore be 6*0 x 1*5. The 
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initial NB line ib drawn at this ratio to ALR and the NR sequence u drawn 
falling away by the same senes of values as in the earlier cases As a result 
it is clear that m this extreme case the NR line cuts across ALR as early as 
hour 42, and thenceforward diverges from it below 
By this survey of NR and ALR relations wc have established a new and 
significant principle, which is that the grade of starvation is the thug that 
determines whether the course of NR, when the initial hours are passed, hea 
well above the air respiration or close to it, or mostly below the air line All 
these states might possibly be produced m one individual apple, allowing, of 
course, for the fundamental relation in Class A apples, that the initial NR is 
1*6 tunes the contemporary ALR value This point of view stresses still 
further the part played by carbohydrate metabolism in determining relations 
which might o prton have been attributed to oxidation processes 
Before going further into this aspect of respiration we have yet to inspect 
our other NR curves and see what indications of regularity based on values of 
NR less ALR they may present There await us the two cases of Class B 
XXIII and XXV, the three cases of ClaBa C, VII, XXII and XXIV and the 
single early case of Class A represented by XI In Table II the values are set 
out and they are presented graphically m fig 6, Groups B and C 
We may look first at the two cases of Class B Apple XXV brought from 
air to nitrogen distinguished itself from Class A by showing a steep and recti¬ 
linear fall of NR/ALR ratios The values of exoess NR over ALR also fall off 
steeply m a fairly straight line, so that m 50 hours, when nitrogen was stopped, 
the difference had nearly become zero The initial excess of NR is 4 1* 
giving an NR/ALR ratio of 1 32 instead of the 1 6 ratio of Class A There 
are thus three minor points distinguishing XXV from the group XIX-XXI, b, 
namely, the Bteeper fall, the linear course, the early prospective crossing of 
the ALR line, to add to the different initial ratio 
Grouped with XXV in fig 6 there is also the ourve of values of differences 
for XXIII, another apple of Class B As this apple was m pure oxygen before 
nitrogen, its OR value was much above the ALR, and the effect of this previous 
history was to give a very high initial NR with an ALR ratio of 1 82 The 
excess over ALR is initially 10 8 and the values fall off very steeply m a 
straight Line till hour 30, after which the fall continues much less steeply on. 
to hour 60, when the nitrogen w as ended In this last part the Une of XXIII 
runs about parallel to that of XXV, but in the first 30 hours the high values 
are due to the previous exposure to oxygen We can imagine that if XXIII 
had come into nitrogen from air, the senes of NR—ALR differences would have 
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fun parallel to that of XXV all along, and a dotted line has been drawn in the 
figure for hours 0 to 30 on that assumption. This indicates for this hypothetical 
treatment of XXIII an initial NR—ALR difference of 6*6. The recorded 
ALR value in Table II is 13*2, so there results on these lines an NR/ALR 
ratio of 1 *60 for this apple going into nitrogen from air. For the oompanion 
apple, XXV, of this class the ratio was shown to be 1 *33, so it is left uncertain 
as to whether this reconstruction is valid as a support of parallelism of difference 
values. We have no experimental test case to guide us. 

Turning to apple XI of Class A we have here the opposite distortion from 
XXIII in that this apple came into nitrogen from 6 per cent. Oj, which had 
lowered its respiration, and the NR values for some hours are below the ALR 
line. They rise fairly fast and are well in excess of it l>y hour 20. After a 
maximum at hour 26 the values fall off, till hour 40, when, too soon for the full 
information which we now desire, nitrogen was changed for air. The values 
in Table II are added to fig. 6, Group A, showing that after hour 25 we get the 
falling curve characteristic of Class A and also lying parallel with the rest of 
the class. If this parallelism between hours 26 and 40 is carried back to zero 
hour, we get the line, figured, but not numbered, which we might expect to be 
the course followed had apple XI been in air before its nitrogen experience. 
The initial value of NR excess over ALR indicated by this graphic construc¬ 
tion is about 3*7, while the ALR value has been taken os 14*9. As m the case 
of XXIII, this graphic method does not give a concordant ratio, indicating 
NR/AIR = 18*6/14*9 = 1*26. 

In no other case have we met a ratio that was not close to cither 1 *60 or 
1*38. We must leave this problem open, after reoalling that XI is the only 
early apple examined in nitrogen for Classes A and B, and that special changes 
of organisation-resistance are stdl proceeding in this early state, on the lines 
set out fully in the first paper. 

Apples of Class C. —Finally, we have to survey the special class, C,’consisting 
of apples which show striking characteristics associated with their extremely 
Blow rate of ontogenetic development. The values for the excess NR over 
AIR are set out in fig. 6, Group C. In appearance, this set is widely different 
from the other two sets, as each case is built up of three jointed linear courses, 
but nevertheless these lines run parallel for the three different apples The 
initial excess is high, but then the ALR values are high in these cases. Inspec¬ 
tion of the values in the tables will show that there are here two oases of initial 
ratio =s I -33 and one of 1*66, while in regard to the NR — ALR differences 
there are.two cases of 6*8 and one of 5*2. In spite of this rather mixed state 
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it is dear that the linos are generally parallel m the figure To this hllin | 
phase succeeds the level phase where NR/ALE =10 and here parallelism 
becomes identity of course In the thud phase VII and XXII show also 
parallel movement while XXIV drops somewhat more steeply In this last 
apple there is probably a toxic factor for the apple succumbed completely 
with continuation of the nitrogen 

Sumnuny of Part II 

lh< mam conclusion that we draw from this survey of NE and ALE drifts 
is that the metabolic factors that determine the progress with time are different 
for the two cases There is a close correlation of the initial magnitude of NR 
with ALE but after that the NE values follow a course of them own For full 
information about this course we should have to study prolonged starvation 
drifts m nitrogen in the way we have studied starvation in au We do not 
vet know how far this stu ly could be carried with Class A and B apples with 
out the interference of toxic effects One thing is clear namely that the grade 
of starvation in air determines whether the NR values lie above the ALR 
for hundreds of hoius or only for i few tens of hours 
All these considerations lead us to take up the definite position that the 
difference between the air (ondition and the nitrogen condition u> something 
other than the differs nee between CO produced by oxidation of sugar and CO t 
produi cd by splitting of sugar The simple ratio relations which might govern 
a situation determined wholly by oxidition arc not found to be applicable 
We conclude that a consideration of the carbohydrate metabolism which is 
antecedent to respiration and supplies the substrate for this catabolic complex 
must be brought into our field of enquiry 
1 his extension of the analysis is present! d by Dt F 1 Blackman w the 
next paper of this senes 
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Appfndix 

The first four papers of this series of analytic studies deal with various 
aspects of the respiration phenomena observed in the prolonged investigation 
of a single set of apples from cool storage For convenience of reference the 
primary data of the whole set are collected here as an appendix to this second 
paper As more than a thousand estimations of CO s production were earned 
out for this work the actual values are not printed in tables but are only pre 
seated as graphic records of the drift of respiration with time and various 
concentrations of oxygen 

This appendix (ontains first a table of < haractenstic attributes of each of the 
21 apples , then some general notes on the graphic charts followed by special 
notes on the individual records and finally a senes of charts in which are 
reproduced the graphic records of the respiration of the individual apples 

Notes to TabU. Lach apple that was investigated was assigned a number 
and is identified by its roman numeral throughout these papers These 
numbers run in chronological order from V to XXV but as the respiration 
apparatus wis a double one two apples were g< nerally imder investigation at 
once The dates in column 2 are a guide to this coupbng and often the two 
simultaneous mords ir< present! d in one chart The colours of the apples 
at the date of column 2 when brought from cool storage to tin respiration 
apparatus arc given in column .1 ind sene is ail index of th ir metabolic 
drift towards ripeness 

In the table the apples are not arranged in one clironological sequence but 
arc segregated into three groups representing the three physiological classes 
suggested in the first paper Class A ripens fast Class C very slowlj and 
Class B at an internie liafx rate 

Column 4 contains th< fresh weight of th< vpplc when the record starts 
The duration of cae h observe <1 rt cord is given in hours in column 5 At the end 
of the record the apple was weighed ogam and the loss reeordel i expressed 
m column 6 ob the loss per 10 days per cent of the initial weight All respira 
tion values are referred 1 o 100 grms of initial w< ight Correction of respira 
tion values to the falling wc ight thiough the record has not been c irncd out 
such formal correction would not sc riously alttr any of the significant values 
and it is farther open to objections on physiological grounds 

Owing to rise of temperature from 2 5 C to 22° C the initial course of CO> 
production has a complex rising form and tin true initial respiration value for 
22° C can only be got indirectly by extrapolation back to zero hour of the 

2 i 2 
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record. The procedure fox arriving at the theoretical initial values of CO,- 
produotion is fully discussed in Paper I: the values finally adopted are set 
out in column 7, expressed as mgrms. CO, per 100 grins, fresh weight per 3 
hours. This value serves as starting point for the “ air line ” of respiration 
which figures conspicuously in the records. The values of air-line respiration 
100 hours later are given in column 13 and the drop in value appears in column 
14 , being the value of 13 less 7. The apples of Class C are characterised by show¬ 
ing no fall of the air-line within 100 hours. 

The initial CO, values set out in column 8 are the points at which a certain 
construction line would cut the ordinate axis at zero hour. This line gives the 
slope of the falling excess CO,-production due to the initial heating up dis¬ 
turbance. A short length of this line is shown in each chart. Continued 
downward it would intersect the air-line at the “ inflexion ” point, marked 
on the charts by a circle. The time m hours before this point is reached is set 
out in column 9 ; and the time to reach the actually observed m*Timum of 
CO,-production on the way to the inflexion point is given in column 10. The 
CO, value at the inflexion point is given in column 11. This value constitutes 
the earliest observed respiration value on the true air-line, and lies between 
the values in column 7 and column 13. The types of air-bne drift are studied 
in Paper I and serve to characterise the three physiological classes. The 
entries m column 12 refer to the classification in Paper I, p. 426. 

Lastly, in column 15 of the table are entered the various gas treatments other 
than air to which the apples were subjected. N indicates pure nitrogen, and 
the percentage numbers refer to oxygen concentration. 

General Notes on the Charts - There are 17 charts, containing in all 22 records, 
for the 21 apples numbered V to XXV. Apple XXI was observed for a very 
long period and its record is divided into two portions, XXI, a and XXI, 6. 
All the charts are presented on a uniform scale as time drifts; tho ordinate 
values indicate mgrms. CO, produced per 100 grms. fresh initial weight of 
apple per 3 hours. The individual readings are all of 3 hours’ duration and 
.usually appear as heavy lines of this length in the charts. When two records 
of different individuals, observed simultaneously, appear in one chart, one of 
t hem is distinguished by a row of three heavy dots for each reading instead of 
a continuous line. These signs are also set against the roman numerals for 
identification of the two records in the one chart. The drifting series of 
readings which constitute the “ CO,-record ” right through the chart show 
nearly always the same amount of fluctuation about an imaginary mean line. 
Such a smooth mean line has not been drawn in the CO, records, but instead 
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we have drawn a pair of contour lints marking the upper and lower limits 
of the fluctuation of the C0 2 record When an exact respiration value is needed 
for our arguments the value midway between the contour lines has been 
adopted There is obviously often some ambiguity about the location of the 
contour line s and the mean values the precise turn of form that we have given 
to the records in various places is the outcome of a good deal of comparison 
and analvsis It is sometimes a matter of choice of interpn tation rather than 
of proof of the relation put forw ud 

Lvery record starts with a longish period in air and nearly all end with a 
period m ur so that the respiration drift m air may serve as a standard of 
reference Only five of the apples rt mamed in air all the turn the others were 
exposed to nitrogen or various concentrations of oxygen in the middle parts 
of the record In column 15 of the table are set out thor individual expen 
ences and in each chart there is a horizontal lint indicating the sequence and 
duration of the various gas mixtures In these gas mixtures the CO a pro 
duction may depart widely from that in air and the C0 2 record is drawn every 
where os a series of 3 hour readings enclosed in double contour lines these 
contonr lines are joined up with the au record so as to hnng out the transitional 
course on passing from one gas to another 
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When thi apph is not in air the record contains in additional line which 
ib interpolated smoothly betwun the parts actually m air Thu single line 
is m direct continuity with the imagined mean line 1m tween the contour lines 
m air This track r< presents the < ourse that the u spiration of that particular 
appk would have followtd had it been kept in air throughout the experiment 
We thus get what wc call the uir line of rc spiration ALK right through the 
record, and this serves is an invaluable standard of reference in all these 
analytic studies The use. of this standard is discus** d in th< tc\t at var ous 
places 

At the beginning of t ach record the coursi ot respiration ib much disturbed 
by the rapid rise of tempi ratun from 2 5° C ot iool stoiage to 22° C of the 
respiration apparatus Special study has been given to the initial row. of 
temperature effect” in the first paper of this senes Various (onstruction 
symbols are inserted in (he (harts to (haracterise the magnitude of this effect 
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The oircle between the contour lines locates the so called inflexion point which 
marks the end of the initial disturbance and is thus the first observed point 
on the true air line of the record Carried back from this point is a broken 
line extrapolated to cut the ordinate axis, and giving the theoretical beginning 
of the air line The value at zero hour gives the true imtial respiration value 
(see column 7 of the table) Actually the CO s production has shot above 
this lme temporarily and has then sloped down to the inflexion point A 
short heavy line pointing down to the inflexion point is drawn for a few hours 
from zero hour in each record so that the initial value indicated by extra 
polation of this slope is also brought out The isolated heavy dot some way 
beyond and below the circle put in each ohart serves merely to define more 
accurately the slope of this line through the inflexion point The tune dura 
tion of the phases of this initial temperature disturbance are set out m the 
columns of the table. 

The symbols ALB, OR and NR, standing respectively for air line respira¬ 
tion, oxygen respiration and nitrogen respiration, are defined more closely 
on p 460 of Paper II 
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Special Notes on the Records 

Records V and VI (see p 180) —This was the first observation earned out 
and the two apples were kept in air throughout In the chart the data for 
eaoh apple are enterod separately, V as lines and VI as sets of three dots but 
each record is not provided with its own pair of contour lines Instead, two 
more widely separated contour lmes enclose the double record, and the mean 
line between them would present the average air hne of the two apples The 
form of the air bn* beyond the inflexion point oircle is well founded and drops 
very little until hour 180 It will be noted that scattered readings occur well 
outside the oontour lines, but these are not taken any account of in our pre 
saltation of the reoorde The dotted line for the early part marks the ideal air 
line, giving its initial and course, while the actual CO B -record shoots temporarily 
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up above it giving the usual initial temperature effect These two records 
are the type for early apples of C lass A 
Record VII (see p 180) —'Ihis record wag continued for 320 hours and even 
th< n showed but slight fall of the air line It is typical of early Class ( apples 
nhowing a rising air line in the early part The exposure to nitrogen gives the 
typical Class ( form but this does not recur until apple XXII In the middle 
of the nitrogen effect the nitrogen respiration values NR lie on the air line 
The frock by which CO returns in time to the ALR after nitrogen shows a 
striking characteristically transitional form 

Rccoul VIII (m< ] 181)—This record was complicated by the active 

development of a patch of mycelium during the observation It provides the 
only cast of this observed A full a« ount of it is given m Section IV of the 
present psper To the mycelium is due the rapid rise of respiration after 
hour 60 Nitrogc n kills the mycelium an 1 the end of the r< cord is believed to 
be pure apple respiration This apple is assigned to Class C The continuous 
line (or C0 2 production between hours 215 and 237 is due to stoppage of dock 
work so that seven 3 hour readings were merged into one of 21 hours The 
exact course of the record therefore becomes uncertain at this point, and the 
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drift given to the contour lines here is based on the form observed in VII after 
nitrogen 

Records IX and K (sec p 181 )—These arc two early apples of Glass A Apple 
X was kept in air throughout the record whilst IX was given 5 per cent O t 
from hour 23 to hour 68 The air line of X closely resembles that of V and VI, 
having the composite form which aft< r an initial lev < 1 track curves down from 
hour 40 to hour 70 and then starts another level tracl before curving down 
again Record X hi re serves as t control for the Ik haviotir of IX in 5 per 
cent O a We see the depression of r< spiration by this low oxygen down to 
very much below the air vilue of X On icturn to sir IX rises in a slow 
smooth curve for about 45 hours and then regains the value of the control and 
proceeds afterwards along an identic il track \\ i i oncludi that X represents 
also the course of the air line of IX 

Record XI (Bee p 482) This apple was treattd with 5 per cent 0, ifter a 
rather short preliminary period in air and its rcspnation is depressed in th< 
same way as in record IX After 44 hours in 5 per cent 0, the Apple was 






subjected to 39 hours in nitrogen without any interval m air This is the only 
case oi such treatment and the interpretation of the record presents several 
uncertainties NR is clearly above the air line when properly adjusted to 
nitrogen and on returning to air the record dips far below the air line and then 
climbs up to it again These features are different from those of apple VII 
m nitrogen and mark this apple as belonging to Class A The form of drift 
of the air line is not well established as it requires an interpolation lasting about 
130 hours The clockwork stopped between hour 99 and hour 114 and a single 
reading 15 hours long was alone available No other early apple of Clan A 
was subjected to nitrogen so we have nothing to compare this record with 

Record XII (see p 481) —This short record was in air throughout its course 
and gives an air line of the type of V-VI-IX-X It was earned out simul 
taneously with XI but we have provisionally adopted a later type of air-line 
for XI 

R e cord s XIII and XIV (see p 482) —These two Class B apples were 
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recorded simultaneously and subjected for periods to 3 per cent and 5 per cent 
0 t In the preliminary period in air XIV lies appreciably above XIII, and its 
initial temperature effect is shown as lasting to a later hour Both low con 
centrations of oxygen depress the respiration but 3 per cent gives less low 
values of CO, production than 5 per cent relative to the air line The ultimate 
depression m 3 per cent is preceded by a preliminary rise of the CO, record 
above the air line an effect which is lacking m 6 per cent These features 
will be interpreted m detail m the fourth paper of this series The recovery of 
XIV after 3 per cent follows a tortuous course but ultimately it gives a looa 
tion for the air line, drawn as a continuous line To XIII is assigned an air 
line, drawn as a broken line which is lower throughout and runs parallel to 
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XIV Thin location is supported by the values m air at hour 120 but the apple 
was not brought back to air at the end of its record 

Records XV and XVI (set p 483) Th< se two Class A apples were recorded 
simultaneously The first 10 hours of the records were spoilt by an expert 
mental failure but the observed values from hour 30 to hour 48 have been 
extrapolated back to zero hour to locate the initial respiration values Apple 

XV was kept on in air till hour 140 so that its air line is extremely well estab 
hshed After this it shows a typical depression of respiration by 5 per cent 
0 2 but it was not returned to air Apple XVI was early given 3 per cent 
0 2 an 1 shows exactly the same type of effect os records XIII and XIV After 
3 pi r cent it recovers m air to give a track that is a perfect continuation of 
XV in air It is therefore concluded that XV and XVI have identical air line 
tracks after hour 40 before which XVI is slightly below XV At this stage of 
senesi ent development the a r line approaches the type of a rectilinear decline 
throughout thus difftrim; from the early type of V and VI 

Record XVII (see | 4S3) This apple assigned to Class A was examined 
n 5 7 and 9 per cent O a without return to air The air line drawn for it in 
the chart is derived from the common line of the two immediately preceding 
apples XV and XVI lo facilitate evaluation of the grade of depression below 
th m Ime which these various low concentrations of oxygen produce two 
onstruction lines have b tn added giving vilues for 0 8 ALR and 0 7 ALR 
resj tivcly The off ct of r i per cent 0 B on XVTT differs from that of the 
early 5 per ctnt «fleets with IX and XI an 1 resembles rather that of early 
3 per e nt This is an outcomi of idvancmg senescent drift At hour 12 
Ihtth imostatfaled and the drop of temperature is shown reaching ami nimuni 
it hour 20 afttr which it was readjusted and recovery takes place The dis 
torte 1 r adings in the chart arc only connected by a mean line instead of by 
double rontour lin s The early piece of record Bhown m sets of three dots 
up to hour 45 is that of XVIII which was came 1 out simultaneously m air 
This is left in th s chart to demonstrate the identity of the effect of tempera 
ture distortion Then is a slighter temperature distortion between hours 108 
uid J 20 when the temperature fell about l 0 * C throwing the observed values 
Ik low the contoui lines Ihe dots in senes above these displaced values 
represent temperature corr etions to 22° C by use of Q l# = 25 

Record XVIII (see i 184) This apple is assigned to Class B on considora 
tion of its initial value of respiration and the form of drift of its air line which 
liffcrs from adjacent Class A apples The apple was kept in &ir for 220 hours 
so its air lme is perfectly established It was tamed out simultaneously with 
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XVII and shows the same temperature distortions at hour 12 to hour 30 and 
hour 108 to hour 120 as we have just described 

Record XIX (see p 484) In this record the effect of nitrogen was tried on 
an apple of Class A and wc have a striking record showing how high NR rises 
above respiration in air On return to air the CO a drops below the air line 
before carrying out the characteristic re covery Tn this record once more the 
heating failed at about hour 138 The later low readings up to hour 160 have 
been omitted from the record as at this hour the experiment was discontinued 
and the air line lost The air line here has no direct support in its later region 
but with apples in this advanced stage of metabolic drift the form is wqll 
established by the next two record* Ihe initial temperature effect is exoep 
tionally marked here * 

Record XX (see p 486) This also is a late apple of Cl iss A and waB used 
like XVII for investigation of 5 7 and 9 per tent O a Its airline is well 
established by a preliminary 100 hours in air and a final re turn to air for 
00 hours at the end It shows the typical smooth falling curve getting less 
and less steep Construction lines for 0 0 0 8 ind 0 7 of tht air line values 
are added to facilitate estimation of the depression produced by low per 
centages of oxygen 

Record XXI a (set p 48») This is the typt apple of the late stages of C lass 
A Its air lint is viry well established with long periods in air Nitrogen 
gives the typical effect with NR high above ALR and afterwar Is in air the 
COj record dips below the air lin< before recovering its position on it 

Record XXI b (see p 18b) This record is a direct continuation of XXI a 
on the saim apple but is separated from it because it contains a second 
exposure to nitrogen giv n after complete recovery from the first The two 
records together exten l over 400 hours and show how cotnph te is the recovery 
from even 9b hours in nitrogen The air line of XXI a is a falling curve 
slowly flattening out while iu XXI b this has passed over into a practically 
rectilinear slope of const int decline 

Record XXII (sec p 186) With this record wt encounter again an ipplc 
of Class 0, which wo have not met since Vll and the air line drift rises slightly 
for a long time, so that after 100 hours it is still above the initial value Even 
at the end about hour 260 the fall is very slight Lh< ur line is well estab 
liahed by 170 hours m ur it the beginning When nitrogen is given the CO a 
record displays a form of exactly the type of VII but not met since then 
with any of the nitrogen treatments The iceovery from nitrogen in air is 
also exactly like that of Vll 
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Record XXIII (see p. 486).—This record was earned through simultaneously 
with XXII and appears in the same chart. The divergence of its air-line from 
that of XXII is very striking, seeing that they are so close initially. Hue 
apple exhibits the falling curve type of air-line, and is assigned to Class B. 
ThiB is the only case among the set of apples in which 100 per cent. 0, waa 
given, and it exhibits the striking increase of 00,-production, which rises 
gradually till it amounts to 1 • 4 times the air-line value. At hour 126 nitrogen 
was given directly after oxygen, leading to a further increase of 00,-pro- 
duction, high above the air-line, as in the A-B type. At hour 174 the apple is 
returned to air and the CO, record falls to the air-line, dipping just a little 
below it about hour 200, before the subsequent rise of values about hour 230. 

Record XXIV (see p. 487).—Here we find the air-line rising during the first 
100 hours, marking this out as a Class C apple. The record in nitrogen starts 
with the form typical of Class C, but the decline sets in quickly and steeply. 
Nitrogen was continued for 114 hours, and the continued fall and lack of 
adequate recovery in air demonstrates that a toxic effect has been brought 
about by nitrogen in this case. 

Record XXV (see p. 487).—This record was carried through simultaneously 
with XXIV, but the form of the air-line is of the A-B type, like that of XXIII 
and unlike XXII and XXIV. The form of the record in nitrogen is also 
clearly of the A-B type, though the values fall off very fast. After nitrogen 
the record in air Bhows an initial rise of CO,-production which does not occur in 
earlier apples of Classes A and B. This we attribute to a specific after-effect 
of CO,-production. When this is over, in about 46 hours, the air-line is again 
reached. 
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This paper is an extension of the analytio study started in th$ second paper 
of this series, which dealt with the respiration of apples in nitrogen. In Part I 
of that paper the phenomena of CO a -production in nitrogen were described 
empirically, as they presented themselves in our records. Part II was devoted 
to examination of numerical relations, such as ratios and differences, that 
could be established between CO a *production in air and CO a -produotion in 
nitrogen. This present paper is, in effect, Part III of the analysis, but it starts 
out on new lines though use is made of various significant ratios established 
in Part II. 

We here attempt a more rcahstio analysis of the phenomena than was 
possible when attention was concentrated merely upon CO a -production. This 
advanoe in realism is based upon bringing into our survey the whole drift of 
the metabolites involved in respiration and picturing this drift as a system 
of catalysed reactions. 
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Section I —Tax Catalytic Schema proposed toe the Respiration op 

Apples 

Thu system takes the form of a chain of reactions so that the products 
formed by one link reaction become the reactants of the next link At its 
free end the chain of reactions is branched and we find alternative fates lor 
reactants controlled by the oxygen supply 

We have simplified the system as much as possible but must take account 
of at least half a dozen catalysed reactions These will be formulated only 
for broad schematic treatment as our correlation of them is merely preliminary 
to fuller investigation It will save premature commitments to speoifio 
molecular reactants if we represent the substances and stages involved by a 
formal sequence of letters Our suggested schema is set out below 

A 


* I B 



Glycolysis 

i D D D 

• __ 

Respiration 

alcohol water oxidative 

+ + anabolism 

NR CO, OR CO, OA— 

Schen a of Reactions comprising the Reepuation Sequence 



The schema starts with a first group of reactants entitled A which include* 
all the substances m the apple which may function as reserves of carbohydrate 
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and give nee by hydrolysis to free normal hexoses These normal hexoees 
constitute our group B We have assumed in our scheme that these normal 
hexoses are not respired directly bnt that a further carbohydrate stage inter 
venes, which we may call activation leading to the formation of hexoses of 
the group of heterohexoses with the less stable type of internal ring structure 
This group C is regarded as the direct substrate of the next reaction 
entitled Glycolysis 

Here we come to the well known activity of the zymase complex leading 
typically to the formation of alcohol and CO g It is known that m the absence 
of oxygen apples do actually produce these products abundantly The study 
of this process in yeast shows that it is an elaborate complex with many inter 
mediate products with two or three carbon atoms of the type of methyl 
glyoxal lactic acid pyruvio acid and acetaldehyde For the purpose of our 
simplification all these intermediate products of glycolysis are grouped together 
as D though ultimately it may be possible to differentiate them as D 1 D a 
D s etc Glycolysis here signifies the stage of conversion of reactant C to 
product D The products D are assumed to be the reactants for the last stage 
and so have alternative fates bound up with the presence or absence of oxygen 
This last stage we may speak of as Respiration in a narrow special sense In 
nitrogen group D proceeds quantitatively to the two final products CO t -+■ 
alcohol m the usual ratio and these escapt from the system as waste end pro 
ducts The C0 t diffuses out and its production rate can be measured it 
will be held that for one atom of carbon thus detected there are two atoms of 
carbon excreted into the tissues as alcohol 

We propose m this quantitative consideration of the workings of the system 
to adopt the carbon atom as unit and so evade specific molecules When 
previously we considered respiration of apples in nitrogen merely as a 
phenomenon of C0 g pro luction we termed this production nitrogen 
respiration NR and we shall maintain this nomenclature noting that 
when for instance it is stated NR =15 the constant implication will be 
that this is a measure only of that part of the carbon loss appearing as CO t 
Taking into account thi simultaneous production of twice as many carbon 
atoms in the form of alcohol it is clear that glycolysis = 4 5 is the exact 
equivalent of NR =15 

In air and other concentrations of oxygen the respiration system behaves 
otherwise and one of the main objects of our analysis on the present bnes is 
to attempt to suggest a more precise formulation of the effeot of oxygen 
than has hitherto been put forward The problems involved will be 

2 M 2 
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developed more folly later, after this preliminary sketch of the system ie 
concluded. 

It is known that oxygen has no direct effect on zymase activity in yeast, and 
we shall assume that in apples glycolysis is equally effective in any gas mixture 
in converting C to products of the group D. In air, however, the only detect¬ 
able final products escaping from the system are C0 8 + H a O. Now in apples 
we find that the CO a -produotion by this process, which we label as OR {oxygen 
respiration) is less than the COj-production by NR. Clearly then the total 
carbon loss is three or more times as large in nitrogen as that in air. What 
then happens to this defioit of carbon in air ? No final carbon derivative of 
D accumulates in the tissues during OR, so the logical conclusion seems to be 
that in air part of the group D is somehow worked back into the system con¬ 
tinuously by oxygen. There is therefore a call for a third reactive mechanism, 
dealing with D, which we shall speak of as oxidative anabolism, OA. It ia 
round this conception that problems are densest. 

This anabolio building-back is specific to the presence of oxygen, but of 
course short-range up-grade reactions occur in those link reactions which are 
held to be directly reversible. Substances of group B can pass to A by con¬ 
densation, and C can pass to B by reversion. In contrast with these early 
stages we shall assume that C -* D is not reversible. 

Other reactions than those set out are possible, suoh as the direot origin of 
C from A since many reserve carbohydrates contain heterohexoses in their 
structure. In yeast it seems possible that alcohol may undergo oxidative 
anabolism to carbohydrate, but the evidence available for apples indicates 
that alcohol once formed in the tissues remains unalterable. 


Section II.—A General Survey of the Working of the Proposed 

Respiration Schema. 

This system of linked reactions brings together into one sequence processes 
generally regarded as belonging to separate chapters of physiology, and corn* 
bines matters of carbohydrate equilibrium in tissues, stages A-B-C, with pro¬ 
cesses more specifically connected with respiration D-NR-OR. The whole 
system therefore presents a number of rather complex relationships and it 
may be well to give a general survey of its supposed workings before trying to 
relate it quantitatively to the actual data of our respiration records. This 
latter aspect will be the subject of the following sections. 
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$ 1. The General Drift of Respiratory Activity in Starvation. 

Taken as a whole the schema is intended to represent the fundamental 
continuous catabolic drift of carbon compounds from the highest molecular 
structure and energy-oontent towards lower Btates of these attributes, beginning 
with production from reserves at the top and ending, at the bottom, with 
excretion of respiratory waste products. 

Ail along the chain the drift is determined by balance of production and con¬ 
sumption. The controlling factors are the activity of the catalytic com¬ 
ponents of the system and the amounts of the substrates available. When 
such a system is studied in a living tissue isolated from the plant and no longer 
able to increase the amount of A, then we arc in the presence of what we may 
call, broadly, starvation phenomena, but the course of these, when followed in 
time by measurement of the respiratory products, may appear very different 
in different tissues. One fundamental variable is the amount of A in relation 
to the activity of conversion of A to B, and another the absolute activity of 
the final respiratory catalytic system. The apple is distinguished by having 
a very inactive respiratory system in relation to the amount of A and B, so 
that the isolated tissue may maintain the system in normal working for many 
months, or even a year, on its original stock of A. 

When the apple is freshly gathered in autumn its respiration may be low 
and then proceed to rise, in spite of isolation, a phenomenon which we have 
discussed in the first paper of this series, and attributed to a “ decrease of 
organisation-resistance ” which is effectively an increase of “ hydrolysis- 
facility ” leading to more rapid production of C from A and B. This brings 
.about a rise of respiration and greater excretion of final products out of the 
system. In the later stages of isolation in storage, to which belong the apples 
now to be considered, this rise of respiration is over and the whole system 
exhibits steadily declining magnitudes of catabolic drift and decreasing 
respiration. This decline is, at 22° C., at first relatively rapid, but it gradually 
slar. k ftTw off, appearing to reach in time a slow rectilinear fall. Of the form of 
euoh a decline, the air-line of apple XXI, a, b, is taken as a typical example. 
The average intensity of respiration in this starving case is about 10 mg. CO, 
per 100 grins, apple per 3 hours. Calculating thts as hexose oxidised per day 
we find that the loss is only 0*057 grins. Assuming that the apples still con¬ 
tain 10 grins, hexose per 100 grins, tissue, the daily loss is no more than 0*0 
per cent, of the stock of B. In addition there is the production of B from A 
to compensate this consumption, so that the drift of starvation grade from day 
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to day is vary slight and we almost approach a state of dynamic equilibrium. 
Nevertheless we must recognise that the system is always progressively starving,, 
and the excretion of carbon at the distal end always somewhat greater than the 
initial production value, which lags behind it. The steady states of this nature, 
in which the rate of respiration is determined by production at the top we 
propose to distinguish as “ adjusted states ” of the system. 

Since we have already established that the loss of carbon in nitrogen may 
start as high as 4 *5 times the loss of carbon in air, we see that on change from 
one gas to the other we do not merely alter the nature of the biochemical 
mechanism but also we suddenly change the carbon drift quantitatively and 
alter what we may call the starvation-grade. We want, therefore, to find out 
how the chain and its separate links react to this sudden alteration of consump¬ 
tion at the free end. Realisation of this quantitative difference between NR 
and OR has helped to drive our thoughts back to the production of carbo¬ 
hydrate substrate for respiration, and led to our linking up carbohydrate 
metabolism and respiration into one production-consumption system. 

The sadden change of carbon loss produced by alteration of oxygen supply 
we view as a sudden disturbance of the carbon traffio system, displacing it 
from the previous adjusted state. If the new set of conditions is maintained 
long enough we may expect the system to settle down to a new adjusted state. 
The relations of the various adjusted states in different conditions of oxygen 
Bupply should illuminate the control mechanism of the transport system, as 
should also the character of the transitional unadjusted states through which 
the system passes in moving from one adjusted state to another. All these 
changes are slow in apples because the activity of the catalyst systems is, 
absolutely, slight. The result of this is that long tedious experimentation is 
involved in ascertaining the relation of final adjusted states, but there is the 
compensating advantage that the transitions are of a comfortable slowness 
so that they oan be followed in considerable detail. Tissues provided with 
a more aotive catalytic system might pass from one adjusted state to another 
too quickly for experimental determination of the course of the transition. 
We shall learn much from the forms of transitions. 

§ 2. The Reaction of the Respiratory System to Alterations of Oxygen Supply. 

Having sketched the carbohydrate starvation aspect of the system we may 
proceed to enquire into the more strictly respiratory processes and the influence 
of oxygen. It will be proved in the next paper that the intake of O t and the 
Output of CO s are increased by rising external oxygen concentration. Details 
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axe reserved until that exposition, but we need here to realise that if the respira¬ 
tion in air is taken as unity, then that process steadily accelerates with rising 
oxygen up to a value of 1 *4 in pure oxygen and steadily falls off with decrease 
of oxygen till it reaches a value of 0*7 or less, in 5 per cent. O a . As we have 
found in our present study of nitrogen that CO t in nitrogen is greater than CO a 
in air, we peroeive that there must be a minimum of CO a -production, though 
not of oxygen intake, in some one low concentration of O a . In apples this 
occurs in the region of 6 per cent. O a . 

In face of these facts, our first tendency was to regard the increase of respira¬ 
tion with increased supply of O t as duo to increase of the respiratory oxidation 
by the greater concentration of one of the substrates of respiration, namely, 
oxygen. More analytical consideration of the data available tends to lead us 
away from regarding this as the fundamental interpretation. Our present 
objeot is, then, to enquire exactly what changes oxygen does produoe in the 
system. 

For analytic treatment of the system it seems to us that the long chain of 
reactions must be divided into three separate short chains, though each will 
be linked to the next by the fact that its own end product is the primary 
reactant of the next stage. 

The first stage is the carbohydrate one, A-B-C, concerned in the production 
of C. The second is the glycolytic system concerned in the production from 
C of the intermediate products D, and the third is the oxidative system con¬ 
cerned in production of final products OR and OA from D. Unlike the others 
this last stage can be thrown entirely out of action by nitrogen so that aero 
aotivity of it with substitution of NR comes into the possibilities. This being 
so, we shall provide ourselves with a more general formulation by defining our 
three stages as (1) glycolysis, (2) stages antecedent to glycolysis, and (3) 
stages subsequent to glycolysis. This analysis seems to us profitable, because 
our data lead us to the conclusion that the relation to oxygen is different and 
characteristic for each of the three stages. 

The Relation of Glycolysis to Oxygen .—It is well known that oxygen has nd 
direct effect upon the symatic glycolysis of sugar in yeast, so we should approach 
this matter with the expectation that the same would be true of glycolysis in 
the apple. By glycolysis, we understand here the conversion of the substrate 
C to the products D so that the term has only the narrowest denotation. The 
first problem is the experimental determination of the magnitude of glycolysis 
in the different circumstances. In nitrogen the apple produces alcohol as 
well as CO a , and if we assume that the proportions of these are the usual ones 



498 


F. F. Blackman. 


then it is clear that the measure of glycolysis in nitrogen is, in terms of carbon 
units, threefold the observed CO, in nitrogen. So we can always write for 
nitrogen, G1 = 3 NR. For estimation of glycolysis in air or oxygen mixtures 
we have no such direct measure. As OR in air is found to be much less than 
NR we might draw the superficial conclusion that oxygen had reduced glyco¬ 
lysis considerably. 

On the Pfefferian view of aerobic respiration it would be assumed that in 
air the whole of the carbon of glycolysis appears as CO,, while in nitrogen only 
one-third of the carbon is constituted by CO,; thus the conclusion that oxygen 
reduced glycolysis would be inevitable. However, we have satisfied ourselves 
that oxygen does not have this effect and we consider that we can employ an 
experimental procedure whioh will enable us to arrive at the actual magnitude 
of glycolysis that is being carried on by an apple in the adjusted state in any 
oxygen concentration. 

The procedure is this : the oxygen current is suddenly replaced by a current 
of nitrogen and the 00, output measured hour after hour. It is found that the 
CO, rapidly rises to a high level and then steadily declines for a long time. This 
declining series gives a point to point measure of NR and of glycolysis. If now 
the Beries of values be extrapolated backwards to the sero hour of entrance 
into nitrogen, we get a measure of what the glycolysis would have been at sero 
hour could the transition have been made instantaneously, before starvation 
had progressed further. This initial value is the value of glycolysis that was 
going on actually in the adjusted oxygen state previously. We get full con¬ 
fidence in this evaluation of glycolysis when we find that for a given physiological 
state this initial NR value has, every time, the same ratio to the last OR value 
at the moment of change into nitrogen. Subsequent behaviour at the transi¬ 
tion, on bringing the apple back to air from nitrogen, confirms our estimation 
of this magnitude of glycolysis in a way that will be brought out clearly in a 
later section on transitional relations, p. 604. Each “ initial value ” of NR 
in nitrogen that has been under discussion in Part II of the previous paper 
supplies us then with a measure of the glycolysis in air or the other oxygen 
mixture that preceded the nitrogen. It results that we have at our disposal 
in that paper, material for evaluations of glycolysis in oxygen mixtures in 
quite a number of the records, based upon the careful examination of their 
transitions into and out of nitrogen. These glycolysis records will be set out 
graphically later in this paper. 

This we consider an important advance, as in measuring glycolysis we are 
measuring the common antecedent stage to both types of respiration and so 
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gut the oommon measure of both NR and OR, or of a mixture of OR + NR. 
These evaluations of glycolysis establish that glycolysis is really maintained 
at a higher rate in air than it can be maintained in nitrogen; and further, that 
glycolysis is 1 *4 times as high in pure oxygen as in air and is depressed to 0*7 
of the air value in 5 per oent. O t . The facts show that glycolysis moves up and 
down with oxygen concentration just as OR does. The magnitude of glycolysis 
relatively to OR is high, so that for some classes of apples G1 ■= 4*5 OR while 
for others G1 = 4*0 OR. 

Were it not for our knowledge that oxygen does not increase the rate of 
glycolysis in yeast we might have been inclined to suggest that in some way or 
other oxygen increases the efficiency of conversion of C to D. As this increase 
of glycolysis by oxygen is not merely a transitional effect, but leads to a per¬ 
manent increase of adjusted rate it is clear that the production of C as the sub¬ 
strate for glycolysis must be permanently increased by oxygen. We have 
therefore before us the possiblity that oxygen has no direct efieot on glycolysis at 
all and that the rise of this functional activity m oxygen is merely the necessary 
outcome of the increased production of C. To this we shall return shortly. 

The Stages subsequent to Glycolysis and their Relation to Oxygen .—We have 
now to concern ourselves with the fate of the D group of substances which 
are the products of glycolysis and the reactants of the final stages of respira¬ 
tion. Our schema provides for their conversion either to NR, OR or OA. 
If we start our survey of oxygen effects with an apple in nitrogen we can regard 
the situation as simple : the whole of D that is being produced is converted to 
alcohol and CO, in the usual ratio, so that the consumption of D equals 3 NR 
measured in carbon units. What then will happen when traces of oxygen are 
admitted by some low oxygen concentration outside the apple ? We have 
already satisfied ourselves that this oxygon will not lower the rate of production 
of D, but nevertheless we find as a fact that the production of CO, falls off 
markedly, oarrying with it, we assume, a similar drop in the production of 
alcohol. Now the substances of the D group are not automdisable so we 
naturally assume that the specific catalysts of oxidation are now able to start 
activity and compete with NR for D, oxidising these substances to tho extent 
that the oxygen supply can permit. We picture this oxidation as a reaction 
of high oxygen affinity and irreversible so that the consumption of the avail¬ 
able oxygen is complete. As a result there is produced a certain amount of 
OR and OA. The totality of CO, escaping will now be partly derived from NR 
and partly from OR, so that we have use for the expression TR = OR 4* NR 
(see * A. 8. R.,’ II, p. 460). 
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With the right external low oonoentr&tion of oxygen it can be arranged 
that, say, half D is converted to NB + alcohol and hall to OA + OR. With 
a still higher external oxygen concentration a point can be reached snob that 
just enough oxygen enters the cells to convert the whole production of D to 
OA -f OR and there is now no longer any NR production. This marks a 
definite physiological state, and one experimental task in the next paper will 
be to locate the external concentration of oxygen that, for a given tissue, 
coincides with this “ extinction point " of NR. One physiological index 
of it, in a living apple, may be that at this point there is a minimum production 
of CO,. Incidentally it has the significance that at this value there is pre¬ 
sumably no longer any accumulation of alcohol in the tissues. There will be 
further consideration of extinction points in the next paper on oxygen. Accord¬ 
ing to this view a higher concentration of oxygen, such as air provides, cannot 
carry out any more active oxidation of D, for by definition D is wholly oxidised 
to OA and OR by quite low supplies of oxygen, such as obtain at the extinction 
point, usually located in the region of 5 per cent, external oxygen. In accord¬ 
ance with this wo put forward the view that in any moderate concentration 
of oxygen the whole of the CO, is to be labelled OR, without any NR com¬ 
ponent. We have next to consider the magnitude of the OA production that 
is associated with this OR. 

The Magnitude of Oxidative Anabolism in Respiration .—We propose to 
treat OA as a substance, but it must be made clear that as far as evidence goes 
it is only a magnitude. In the seotion on glycolysis it was Bhown that by the 
application of a particular canon we claim to be able to measure glycolysis 
in each adjusted state of respiration in oxygen mixtures. Obviously we can 
measure OR in the same state, and OA is only the amount of carbon by which 
produced CO, falls short of carbon glycolysis. The amount is large, and as 
far as we have yet experimented we find that, for a given physiological state 
and class of apple, OA bears a constant'ratio to OR. The extremes of this 
ratio observed for different classes of apples range from OA = 3*6 OR to 
OA b 3*0 OR. With a given state of the apple this ratio seoms to be inde¬ 
pendent of the magnitude of glycolysis and of the concentration of oxygen. 
So we adopt the view, provisionally, that the two substances are colligate parts 
of the products of one catalytic system and not the result of two independent 
catalysts working on D as substrate. 

The next question to be faced is what becomes of OA thus continually being 
produced in oxygen mixtures, for there is no evidence of any down-grade 
product accumulating in the tissues. The symbol we have given to it is baaed 
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on the assumption that it is anabolised back into the carbohydrate region 
of tiie system antecedent to glycolysis, so that possibly the same carbon atom 
may circulate round through the glycolytio machinery several times before it 
chanoes to be thrown out finally as CO r It might be that OA passed directly 
to the highest carbohydrates of group A, or to normal hezoses of group B, 
or, on the other hand, it might arrive at the bottom of the series in group C. 
As the amounts of A and B are very large, it would not make a significant 
difference to the working of the system should the return of OA to'them be 
cut off for a period of hours. But should its destination be C, which oan only 
be present in small amount, then the arrival or non-arrival of the OA contribu¬ 
tion should make its mark on the concentration of C and therefore on the rate 
of glycolysis, which is a measurable function. It must be emphasised here 
that though our hypothetical substance OA is regarded as an outcome of the 
oxidation process OR, there is no reason to regard it as being necessarily an 
oxidised derivative of D. It might indeed be a reduced derivative, colligate 
with oxidised products GO, + H a O. If that were so the catalytio process 
would be an omdo-reductive process and the reduced component be carried 
back to oarbohydrate. A study of the actual oxygen consumption in all 
critical stages of apple respiration, which has recently been started, may help 
to throw some light on this uncertainty. 

Finally, in this connection, we have to refer to the existence in apples of a 
fair amount of a metabolite which is not a carbohydrate, namely, malic acid. 
If malio acid is to be identified with our OA it would be necessary to hold that 
this substance is always being rapidly produced and consumed, since it does 
not accumulate in starving apples, but diminishes slowly. The amount present 
at any one time would be the difference between the rate of production from 
D and the rate of consumption by the combined possible fates of further 
oxidation to OR and anabolism to A, B or 0 of tho carbohydrate group. The 
amount of malio acid in the tissues can be directly determined, but its varia¬ 
tions under ohange of oxygen concentration have not yet been established. 
There is a possibility of getting a further contribution to exact knowledge m 
this direction. 

The Stages Antecedent to Glycolysis and their Relation to Oxygen .—The 
essential point for examination here is: does oxygen increase the production 
of C and, if so, through what mechanism is this brought about ? The tendency 
of all the previous sections has been to make the concentration of 0 the real 
nodal point in the functioning of the catalytio system which we have schema¬ 
tised. An analysis of the rates of production and consumption of C is 
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complicated by the poeeibility that no lew than four reactions may be 
involved here. These are set out in sohematio form below 


A-*• B 


OA 



B 


OR 

/ 

\ 

\ . 

AO 


Two of them are founded on the expectation that the B — C relation must 
be a reversible one. A third is the irreversible glycolytic conversion of C 
to D, while the production of G from OA provides a probable fourth reaction. 
In nitrogen this set beoomes simplified to three, for D goes wholly to NR, and 
no OA is produced. This power of cutting out OA by nitrogen is one of the 
experimental fields to which we can look for evidence as to whether OA should 
be held to pass to C. Any excessive production of C above a balanced state 
would lead to increased transport in the direction C-*-B, so that OA would 
find its way to B ultimately, and perhaps even to A. This distinction between 
the effects of OA and B as sources of C has been given some consideration, 
but as the specific velocities of the reactions concerned are unknown we must 
postpone the enquiry till the initial stages of transitions have been worked out 
for successive short periods, instead of the 3-hour periods employed in the 
present investigation. 

By subjecting an apple to pure oxygen instead of air we have established, 
that glycolysis together with OR and OA are collectively increased 1 *4 times, 
all keeping their relative proportions of 4*5 = 1 + 3*6. To maintain this 
increased adjusted rate not only must C have a higher concentration but the pro¬ 
duction of C from A *-B< must be increased in the ratio of 1 *4. Whether 

OA passes back directly to B or at first appears as C does not affect the adjusted 
rates we are concerned with, though it might affect the precise form of the 
transition from one adjusted state to the other. We conclude from the above 
observations that the different oxygen concentrations in the cell bring about 
different rates of activity of the A *— B C reversible mechanism. Theoreti¬ 
cally the effect might be attributed to depression of C—► B or acceleration 
of B —*■ C. 

llhis effect may not involve the continuous chemical consumption of oxygen 
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•ad it might be attributed to activation oi a catalyst system or to lowering of 
organisation-resistance. The change to the new rate of activity after altera¬ 
tion of external oxygen is extremely slow, lasting some 45 hours, during which 
time the OR output is observed to creep up or down to the new level in the form 
of an equilibration curve, so that at ftret it approaches the new position fairly 
fast and then slower and slower (halving time about 7*5 hours). Such a slow 
rate of adjustment is characteristic of altered carbohydrate balance relations 
rather than of a direct chomical effect of altered rate of oxidation. 

The implication, from all this, that the production of C from A and B is 
a funotion of the oxygen concentration, requires one marked qualification as 
regards very low oxygen supply. Without this qualification it might be 
falsely assumed that in complete absence of oxygen there would be no pro¬ 
duction of C from B, and therefore no glycolysis. These processes, however, 
proceed at a considerable rate in nitrogen; but this rate does not appear to 
be increased by very low supplies of oxygen, but remains about the same 
mi n i mal rate till the oxygen supply determining the “ extinction point ” of 
NR is reached, say, 5 per cent, external 0,. It is conceivable that up to that 
point, till NR ceases to be able to exist, the affinity for oxygen is so great that 
practically zero partial pressure of oxygen is maintained m the oells, so that 
only from the extinction point onwards is there sufficient free oxygen to begin 
to cause that increase of C-produotion from B whioh wo have just attributed 
to it. The facta on which these considerations are based will be found in the 
section of the next paper which deals with low oxygen concentrations. The 
interpretation of this absence of effect with low oxygen may, however, turn 
out to be metabolic. 

We suggest that every increase of supply of free 0, to the cell which raises 
the partial pressure of 0, above zero increases the rate of action of the pre- 
glyoolytic carbohydrate stage in the direction of increasing the production of 
the substrate C for glycolysis. An inevitable consequence of this is that 
glycolysis increases and more D is produced. 

When we pass from higher oxygen to lower, then the glycolysis rate under¬ 
goes a corresponding diminution which is seen in progress, in its simplest form, 
in the passage from air to 5 per cent. 0,. When we pass from air to zero 
per oent. 0 a the same lowering of glycolysis takes place, but the evidence for 
it is obscured by the simultaneous big change in CO t -production, due to the 
effect of lack of oxygen on the post-glycolytio oxidation stages. 

In order to make a clear analysis of the complex changes that are at work 
during transitions into or out of nitrogen, a full Section will now be devoted 
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to a formal analysis of the varieties of transitional phenomena that our records 
present 

Section III —The Form of Transitions with Change of Oxygen 

Botfly 

One of the outstanding characteristics of this investigation of respiration 
is tiie long duration of the individual records We obtain records of CO, 
production lasting many days and these show that after a change of oxygen 
condition the respiration presently settles down to give a steady drift of values 
which is sometimes level but usually presents a gently declining curve These 
states we speak of as adjusted states and in them all the stages of pro 
duotion and consumption throughout the schema are proceeding at a practically 
uniform rate When the oxygen supply is suddenly changed we get phases 
showing a marked and sometimes a violent change of CO, production which 
phases presently come to an end in new adjusted states These phases we 
speak of as transitional and the forms of the transitional reoords call for a 
special survey as it is from them that we have derived suggestions for many of 
the points elaborated in this exposition 
There appeared on our first inspection to be two types of transition and it 
was a long time before we could provide an interpretation of their common 
features and their distinctive features We may label them as the simple 
type and the complex type The former manifested itself when a change was 
in progress from one intensity of OB to another intensity of OR while the 
latter characterised changes which involved NR such as change into nitrogen 
or out of nitrogen There are many cases of the complex type m the data 
of the present paper most of the simple transitions come np for treatment in 
the next paper but two occur among the present data These appear in fig 1 
as the first transitions of the two records Apple XXIII goes through one on 
the change from air to pure oxygen and apple XI on the change from air to 
6 per cent 0, In XXIII there is an increase m OR from the air rate to the 
higher adjusted rate for oxygen which is 1 4 times the rate for air m the latter 
a decrease to adjust* d rate for 9 per cent 0, which lies at 0 73 the rate in air 
In the case of XXIII there is some clue to when the rising transition is over 
because as soon as the adjusted rate is attained the record begins to decline 
The transition is thus seen to be very slow lasting at least 45 hours It is hard 
to believe that it would take 49 hours for a pure oxidation rate to adjust itself 
after an increase of oxygen concentration and this is one reason why we 
attribute this observed change to oarbohydrate metabolism The form of the 
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siting traontum is exactly that of an approach to a reversible equilibrium, 
siting at first steeply and then slower and slower till the equilibrium state is 



FlO 1 —Reoordfl to illustrate the forms of CO* production line at transitions The single 
3 hour readings are represented by heavy dots and these are connected up by a 
smoothed median line to bring out the form The divisions on the ordinate axis 
ore 4 mgs CO t apart the actual values are not given here but will be found in the 
full reoordfl in the Appendix to the preooding paper The course of ALE u ropre 
sented by groups of three small dote The time period of 46 hours after the beginning 
of oertain transitions is marked by a cross clone to the record Each record presents 
three transitions the first on each does not involve NR and therefore exhibits the 
rnnpk type I he other two exhibit the complex type m which there is, m addition 
to the slow OR transition a comparatively sudden change of post glycolytic oxidation 
due to sudden appearance or suppression of NR with its higher production of CO t 
This sudden alteration to a new C0 t level is indicated by the vertical broken line lead 
ing upwards or downwards to tho circle which represents the initial value of the now 
State These initial values are masked by the physical lag in CO, escape so that the 
extremely high or low early values oannot be observed These are represented by the 
broken line after tho initial point which presently joins on to the track of actually 
observed values Record XXIIT is typical m the form of its transition into or out 
of nitrogen, resembling the cases In fig 2, but XI shows special features in its 
transition from 5 per oent 0, to nitrogen which are discussed on p 617 

reached. We picture the opposed processes to be increased production of C 
from A—B by oxygen activation, working against increased consumption 
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of 0 by glycolysis, Which rises with each rise of concentration until the two 
become adjusted to equality again. 

In the case of apple XI, the lower record in fig. 1, the transition is downward 
from the air-line to the lower adjusted line for 5 per cent. The form of the 
transition is exactly the same as that for XXIII only the movement is all in 
the opposite direction. Though the end of the downward transition to a lower 
falling line is not so clearly located it is fairly well determined that this also 
lasts at least 45 hours. In confirmation of these forms of the Bimple type of 
transition we have observed the return from pure 0 a to air as proceeding just 
like the passage from air to 5 per oent. 0,, and the return from 5 per cent. 0 ( 
to air like the change from air to 100 per cent. 0,. 

When we observe transitions from air to nitrogen or the reverse we meet 
the complex form (see the first transitions of XXI, a and XXI, b in fig. 2). 
Though the change from air to nitrogen involves a lowering of the rate of pro¬ 
duction of C from A—B just as air to 5 per cent. 0, does, yet the first effect 
on the C0 a record is a rapid rise which comes to a end in about 9 hours and is 
then followed by a long continued fall in a curve of decreasing steepness. 
Every case of nitrogen given to an apple of Class A or B provides an example 
of thiB. When the nitrogen is discontinued and the apple returns to air the 
record instead of returning smoothly to the air-line, sweeps below it in 7-10 
hours or so, and then slowly climbs back to the air-line, as the third transitions 
in fig. 1 and the second in fig. 2. We have now satisfied ourselves that these 
forms represent the additive product of no leas than three separate transitions, 
each with a different timing, and it is to this that they owe their complex form. 
Let us enumerate these three changes. 

It is clear that the change from nitrogen to air should produoe the same 
transitional type of pre-glycolytio increase of production of C from A—B as 
we have just fully described for the simple transition from air to oxygen. To 
this must be added a second transition due to the sudden entry of oxygen 
which proceeds at once to divert all D from its previous fate as NR to its new 
fate as OA -{- OR. As in this class of apple, D, when undergoing NR gives 
l/3of its carbon as C0„ and when diverted to OA + OR gives only 1/4*0 of 
its carbon as C0 a , there must be a sudden drop in CO a -production within the 
tissues to 2/3 of its previous rate. This prooess if it stood alone would have as 
its transition an almost sudden drop of CO a -produotion. The combined 
transition of these two would take the form of a sudden drop of CO* duo to 
the post-glycolytic oxidation change, down to a value whioh was 2/3 the last 
NR value before the admission of oxygen, and from this low point there would 
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develop the slow rue of CO, lasting 46 hours due to the simple transition of 
increasing 0 in the pre-glyoolytic stage This combined farm u drawn in 



Fia 2 —General description as in fig 1 Records XXI, a and b exhibit tyjnoal complex 
tranaitions The transition an to nitrogen for VII and XXII is also of this type bot 
the transition from nitrogen to air contains here, an * after effect of NR ” giving a 
small temporary extra production of C0 t The last two oases being Clam C apples, 
an described later (see p 617) 

figs, 1 and 2 as a broken line dropping vertically to a oirole locating the new 
theoretical initial and thence rising slowly towards the new adjustment 
The third transitional effect which oomes in to mask the combination of two 
just described is a purely physical affair, due to the long tune it takes to 
equilibrate the CO, content of an apple with that of its environment by 
diffusion across the surfaoe, which offers a considerable resistance If the 
internal production of CO, were cut off suddenly and completely, the store of 
CO, m the watery tissues would go on escaping giving a geometrically decreasing 
curve of CO ,-escape to the exterior, and it would bo very many hours before 
this had all escaped to the air current During all this time there would be an 
appearance of decreasing CO, production by the apple The same form of CO,- 
eseape, though m a rising sequeuoe, would accompany any in s tantaneous 
increase m actual metabolic production, making the rise appear slower than 
reality, and thus there irf always an external distortion of the true form of the 
change of rate of mfawnal CO ^production. It follows that the sodden drop 
Tor*, am.— b. 2 n 
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in the 00,-produotion rate, due to the change from nitrogen to air, nfreak 
itaelf only as a declining rate of escape of moderate deration, taking at least 
10 hoars and often more in an imporoue apple tall the new lower rate of actnal 
production ie attained. 

Combining this third transition which ie the physical CO^transhdon with the 
sodden oxygen transition lowering the metabolic CO a -prodnetion from D and 
with, also, the glycolytic transition, t.e., the slow rise of glyoolysis due to 
increased production of C, we can build np exactly the observed form of 
transition in CO t -esoape from the apple which has been recorded many tunes 
at the change from nitrogen to air; see records XXT, a, XXI, b, XI and XXIII 
m figs. 1 and 2. , 

These triple complex transitions are not quite the end of the complication, 
for in several living tissues other than apples that we have studied, the most 
marked effect of air after nitrogen is a very large sudden production of CO*, 
due to the oxidation of some accumulated product of NR metabolism. This 
we speak of as the “ after-effect ” of NR. In most metabolic states of apples 
there is no trace of such an after-effect, but apples of class C show a very small 
after-effect (see records VII and XXII m fig. 2), and so also does the very late 
apple XXV of Glass B. In such oases there is a temporary rise of CO,-produo- 
tion at the transition, maxunating almost at once and subsiding in about 24 
hours, just in time to reveal the last stage of the triple oomplex transition that 
we have described in detail. The end of these various transitions is that at 
last the COj-production works its way up to the adjusted air-line value ALE, 
and then drifts slowly down it in continuation of the original direction of the 
line before nitrogen was given. The nitrogen experience is at last, after a 
couple of dayB, a thing of the past which has left no permanent effect. 

The contrary transition, from air to nitrogen, to which we now turn should 
dearly be built up as a complex whole from the three constituent transitions, 
all working in the opposite way. And this is what it proves to be. In the 
two figures the broken line course and the circle set out the proposed inter¬ 
pretation of these transitions. There is the quick oxidation transition, which 
at the cutting out of oxygen by nitrogen should increase the CO f -prodnction 
from D suddenly to 1 *5 times its OR value. But this high initial value is not 
actually attained on account of the physical CO a -transition, which mahea a 
lag of about* *0 hours before tile rapidly rising COj-esoape gets to its highflkt 
value. All this tune the production of 0 from A—B is slowly dedining to¬ 
wards the low rate characteristic of nitrogen. If there were certainty aa to 
the direction and ultimate course of the “ adjusted nitrogen line ” trtrarcbi 



509 


Analytic Studies in Plant Respiration. 

« 

wldah tbs transitional complex is working, then we could determine when the 
Whole transition should be judged to be over. Certainly the foiling NR series 
is still sleekening off at hour 40, and even at hour 100 it is not certain we have 
a true adjusted rate. It may be that in time there is a toxio effect of accumu¬ 
lated alcohol and that no really adjusted rate can be maintained. Therefore 
at present, till longer records in nitrogen have been obtained we propose to 
speak of the nitrogen values after 70 to 100 hours or so as giving a “ semi- 
adjusted ” nitrogen line. 

So for we have only dealt with the nitrogen transitions of apples of Classes 
A and B. It will, however, not have been forgotten that Class C presents us 
with nitrogen effects that at first seemed to be quite different. In reality 
these also can be satisfactorily interpreted on exactly the same analytic lines. 
Oases are presented in fig. 2, records VII and XXII, bnt we shall not br ing 
them to account here as a fall treatment of them will be found in connection 
with the study of glycolysis in apples of Class C at the end of the next section 
of this paper (see p. 517). 

Section IV. —The Transitional CO»-Ratios of the Individual Records 
and the Construction of their Glycolysis Links. 

Having provided an interpretation of all the features of the C0 2 -records 
at transitions from one gas mixture to another, distinguishing the effects 
of oxygen on pre-glycolytic carbohydrate phases from the effects on 
post-glycolytic oxidation phases, we can now enter upon a further develop¬ 
ment. This takes up the problem of evaluating the rate of glycolysis in the 
different individual records, on the basis of their individual transitional CO s - 
ratios. 

The important new line that we claim to be able to add to these records is 
the Glycolysis Line, which sets out the rate of the glycolytic conversion of C 
to D throughout the whole course of the record, whatever may be the gas 
mixture surrounding the apple. The theoretical significance of glycolysis rate 
has already been elaborated. We regard it as a measure of the concentration 
of its substxate C, which is the outcome of the production activity of the carbo¬ 
hydrate metabolism chain A—B—C. The form of this line therefore reveals 
not only the general effect of starvation drift in lowering aotivity, but also the 
special effects of oxygen, air, and nitrogen upon the rate of glycolysis. By 
concentrating attention on glycolysis we get away from the distractions of the 
different CO ,-production ratios of NR and OR and contemplate the influence 
of the various oxygen mixtnres upon metabolism apart from oxidation. From 

2 N 2 
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this point of view CO a -pcoduction nerves merely as an index of the rata cl 
glycolysis, but the index value has to be weighted differently according to 
whether it is CO a of NR or CO s of OR. When this is achieved it is brought out 
that the form of the glycolysis line is much simpler than that of the CO r 
production line. This is because it succeeds in presenting ns with that greatest 
common measure of respiration, be it NR or OR, which we set out to seek in 
our analysis. 

In proceeding from the CO a line to the glycolysis line we were working our 
way backward, by analytical treatment, from observed results to hidden cause. 
If, having attained a comprehension of the glycolysis line we now turn round to 
contemplate the devious course of the CO, line we see how its distortions reveal 
the magnitude of effects of post-glycolytic phases in the catabolism, phases 
m which, according to the oxygen supply, oxidation of the products of glycolysis 
D, may be either complete, partial or entirely absent. 

For each analysed record, we shall have to give the quantitative relations 
upon which we have based our construction of the glycolysis line. The general 
nature of these numerical relations may be set out here so that only the values 
need be stated for each record. For the evaluation of glycolyBis while in 
nitrogen we take it that three times the values of NR gives us an accurate 
measure,' provided the rate of CO a -eacape is properly adjusted physically to 
the rate of NR CO a -production. For the first 8 hours or so after entry into 
nitrogen we have a transitional phase, and the physical CO a lag conceals the full 
rate of NR. The initial NR, which is a value of vital analytic importance, is 
obtained only by extrapolation to zero hour. GlycolyBis at the moment of 
transition is 3 x initial NR: this product must measure also the glycolysis 
rate in the oxygen mixture before nitrogen. From the numerical relation of 
the final OR value to the initial NR we get the ratio which enables us to 
determine the magnitude of glycolysis in air for that particular case. 

If -= i.flo, and G1 = SNR, then G1 * 4-5 OR. 

final OR 

On the return from nitrogen to air we get another opportunity of checking 
the value of this ratio with lower absolute values of NR and OR, by the ratio, 
final NR/initial OR. Tn this situation, it is the precise initial value of OR 
which is masked by the CO a physical lag, now working in the opposite direction, 
and we again depend upon extrapolation to zero hour of the rising OR series. 

In Table I we have set out the data for all the cases of nitrogen respiration 
examined in the previous paper. The second column contains the NR and 
OR values adopted at the change into nitrogen, while cohwm 0 gives 
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the malting transitional ratios The ratios of 01 to OB will be threefold 
these ratios Column 4 contains as denominators the values of initial OR 
on passing out of nitrogen, which are indicated by the application of the 
adopted ratios 


Table 1 —Table of Transitional Values and Ratios 
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20 8 

112 

kilkl 

1 JJ 
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Initial NR value* obtained by extrapolation Final OR and final NR value* oboeivtd 
Initial OR valuer calculated by the initial transitional ratio and fitnca* judged graphically 


The value of the 0A component is evaluated from the same data lx ing in 
terms of carbon units G1 less OR in any oxygen mixture and in nitrogen 
01 less SNR this latter being by our postulates sero Finally wc can 
state the ratio 0A/0R for each case 

Apples of Classes A and B We may begin our survey with the apples of the 
flanrim A and B which have already passed into their late starvation stage and 
consider first those only involving air and nitrogen 
Records XXI, a and b see fig 3 On the falling CO t production line in air 
we have as final OR value 12 4 With entry into nitrogen we get a steep nse 
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w CO, to reach the falling NR line whioh line by extrapolation gives ttutial 
NR = 18 85 The transitional ratio for air to nitrogen m therefore established 



i> iu 3 Ihis and the next two figures illustrate the onstruotion of the glycolysis lines 
from the CO, records Here the ordinate values are carbon units so as to give a 
possible common measure for CO, output and glycolysis The unit is the amount 
of carbon in 1 mgm of CO, t e 0 27 mgm C The ordinate numerals arc therefore 
the same as tl ose for CO, in the general records iho lower part of each figure gives 
the rate of CO, production treated as in fags 1 and 2 while the upper part gives 
the evaluated glycolysis lines 01 1 eing a continuous line for the actual glycolysis 
and AL 61 a broken line for the air glycolysis line whioh is the counterpart of 
the ALII for respiration 

as 1 52 At the end of nitrogen NR has fallen to 14 9 which if the eamo 
ratio holds would mdicato 9 8 as the initial OR value This value joins up 
well enough with the observed sequence of rising OR values so we regard 
tile ratio as sufficiently established and are prepared to draw the glycolysis 
line at 3 x 1 52 OR for all times when the apple is in air When in nitrogen 
01 = 3 NR so we can carry the line right through the record This glyoolysis 
line G1 appears in the upper part of the figure as a continuous line in con 
nection with the broken line representing the glycolysis air line AL 01 
Turning to the second nitrogen experience of the same appk XXI 6 some 
130 hours later we find final OR — 97 initial NR=14 65 giving thus a 00, 
ratio for air to nitrogen of 1 51 At the end of 100 hours m nitrogen NR has 
fallen to 9 35 whioh on applying the same ratio indicates an initial OR of 6 9 
whioh takes its place perfectly as the start of the ruing OR values making 
bade to the air line We have then four evaluations of this ratio far one 
apple at remote periods of time namely at hours 48, 95 284 and 334 from the 
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turn of removal from (tore at 2*0° C. to the experimental chamber at 22° G. 
We oonsidsr it established by this record that this fundamental ratio is prao- 
rically constant for a given apple and not subject to serious time drift. The 
ratio once ascertained for a given apple we can then use OB as a satisfactory 
index of glycolysis and its drift. 

We may recall that this glycolysis line is not really a respiration line at all; 
it is a line of drift of oarbohydrate catabolism. Its drifting form reveals that 
nitrogen depresses it;—by retarding the rate of production of the substrate 
0 from A—B, according to our interpretation of the situation. When air is 
readmitted the rate of this production rises, and goes on rising till the production 
and consumption are balanced once more along the old line of starvation drift 
ALG1. This recovery of glycolysis rate takes about 46 to 80 hours in both oases 
and exhibits a simple transition. But when we look from the glycolysis tran¬ 
sition to the identical transitional state on the CO t -record in the lower part of 
the figure we find a triple complex transition, in which the drop of CO,-pxo- 
duotion from Gl/3 in nitrogen to Gl/4 • 6 in air is very quick; while the transition 
of physical escape of CO t , which is of moderate duration, also comes in to 
mask the oourse of metabolic events in the manner set out in the previous 
section. 

With regard to the transition into nitrogen from air the CO,-record shows 
an inverse triple complex transition, but from it there emerges the simple 
transition of the glycolysis line. We are, however, not able to state when this 
transition comes to an end, as the line curves down still after 46 hours and 
passes over into what we describe as a “ semi-adjusted ” course. 

Let ub pause for a moment to consider what the curve of carbon lots for these 
oases would be, though we have not drawn this curve in the figures. Its 
course presents no subtleties since in air it is identical with OB, being just the 
carbon contained in the escaping CO* while in nitrogen it is identical with Gl, 
the whole carbon of D being lost, either as alcohol or CO a . At the transition 
to nitrogen the oar bon loss shoots up from being identical with the lower 
record to beoome identical with the upper, where it remains until air is re¬ 
admitted; after which it drops back to the lower again. Such a record would 
serve to bring out the enormous increase of loss that at once takes place in 
nitrogen, but it is not yet dear whether this great loss is a factor in causing 
the continuous rapid decline of glycolysis in nitrogen. According to the views 
already elaborated, this big loss comes about by nitrogen cutting off the forma¬ 
tion of OA at the same time as OB, so that there is nothing produced in nitro¬ 
gen whioh can be built back by anabolism to the oarbohydrate group. We 
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must therefore recognise the big pert that oxygen plays in restraining ear bon 
loss, when the state of things in air is compared with the state revealed in 
nitrogen. 

The measure of the large amount of OA that is held to be formed in air is 
easily estimated by eye without an independent line since it is always G1 less 
OB. In these records OA is 3*5 times OB. 

Record XIX associates itself very closely with these two, so much so that 
it might almost be an earlier nitrogen experience of the Bame apple. It is, 
however, only a short record, with no complete recovery to air after nitrogen, 
so that it will not be figured hero. Also it must be borne in mind that its NR 
oourse has been very much smoothed (see ‘ A.S.R.,' II, fig. 3). For XIX the 
last value in air before nitrogen was OB = 14*2 while the extrapolated initial 
of the smoothed cnrve was NR = 22*0, giving a transition ratio of 1*55. 
After 70 hours in nitrogen the last NR value is 17 *0, so that by the same ratio 
the initial OB after nitrogen should be 11 *0, which is not out of harmony with 
the imperfect record, cut short by failure of temperature control. Wo con¬ 
clude that glycolysis is 3 x 1 *55 OR in this case. 

Record XXV is that of an apple which has been assigned in Paper I of this 
series to Class B, on the evidence of the pitch and drift of its air-line. It 
provides a single nitrogen experience, 50 hours long, see fig. 5, p. 518. The 
final OB value before nitrogen was 12*5, and the initial NB 16-6, which gives 
us a ratio of 1 *33. Later, the final NB was 11 *5, indicating, by the 1 *38 ratio 
an initial OR of 8 * 6. The transition air-to-mtrogen is a typical triple complex 
one, but the transition from nitrogen to air is an example of the quadruple 
transition that we described in the section on transitions, for here there is an 
additional feature of a small but definite after-effect (see p. 508). This hinders 
us from getting clear support for the suggested transitional ratio at the end of 
nitrogen, bnt OR = 8*6 serves well enough as an initial value. The glycolysis 
line for this B apple iB constructed from the values G1 ■= 3 X 1*33 OR and 
G1 =* 3 NR. The decline of glycolysis in nitrogen is seen to be rauoh steeper 
in this record. Here OA, calculated by G1 less OR, has the value of 8*0 OR. 
We suggest that the 1 *33 ratio is possibly characteristic of Class B as opposed 
to the group of ratios about 1*5 found for Class A. 

Record XXIII is also for an apple assigned to Class B. It presents a new 
experimental feature in that the apple was for a long time in pure O a before 
experiencing nitrogen, see fig. 4. On passing from air to oxygen the CO a rises 
smoothly, at first steeply and then slower, till a crest is reached at 45 hours, at 
an OR value of 19 • 0 which is just 1 * 4 times the ALB value of 13 * 8 at that time. 
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Then far 80 hours the OB declines maintaining the same ratio to ALB con¬ 
stantly. Here then we find the adjusted pure oxygen line as a constant ratio 



Fio. 4.—General description as in fig. 3. Records of XX11I and XI each begin with a 
simple transition followed by two of the complex typo. 

to the air-lme. This rise of CO s -production produced by increase of 
oxygen has quite a different form of transition from the rise of CO a of about 
the same magnitude produced by nitrogen. It is of fundamental importance 
to ascertain whether glycolysis has gone up with the rise of OB, or whether 
this increased OB is due merely to heightened oxidation of D, the glycolysis 
remaining the same as in air. The nitrogen experience which follows settled this 
point quite definitely, for extrapolation of the NR series gives initial NB = 
24*0, the highest value ever recorded; while the last OR value was 18*5, 
indicating a transitional ratio of 1*30, which concords with tho ratio of the 
other B apple XXV. 

We note that at the time of transition the value on the ALB line is 13*2, 
which gives a ratio for NR/ALR of 1*82. It is this ratio that attention was 
focussed on in Part II of the previous paper, following the usual tradition; 
bat now we learn that when the apple is in oxygen glycolysis is not the same 
as in air, and the nitrogen /air ratio loses any individual significance, being 
only tile product of the OR/ALR ratio of 1*40 and the NR/OR ratio of 1*30. 

Clearly glycolysis at the transition is 3 X 24*0 and has risen pari passu 
with the rise of OR, maintaining the appropriate 1*30 ratio. We require yet 
confirmation of the 1 *30 ratio as speoific for this apple and this we get at the 
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transition from nitrogen back to air. The final NR value is 16*0 and the tam 
of the rising OR values oonftrms the initial OR value of 11*5, which the 1*80 
ratio would indicate if it held throughout this apple record. We conclude then 
that, however high the value of OR may be forced, glycolysis rifles in tlie 
same ratio continuing to be evaluated by 01 = 8 X 1*80 OR. 

In thus speaking of OR as if it were a determiner of glyoolysis we must 
realise that we are inverting the real soquenoe of causation for we regard OR 
merely as an index and not a cause of glyoolysis. Also glycolysis, in its turn 
is taken to be only an index of the production of C. If our views were abeo* 
lutely established our statement would take the form that pure oxygen has 
increased the production rate of 0 to 1 *4 the value in air, and that the rates of 
glyoolysis and OR rise consequently m the same proportion, OR continuing 

to be one quarter Q x of glycolysis all along. Henoe OA = 3*0 OR 

as contrasted with OA =* 3*5 OR for Glass A. 

All glycolysis transitions are, by definition, simple in form and slow in 
progress but with tbs apple on passing into pure oxygen from air we have met 
for the first time an OR transition which is also simple and slow. This is 
confirmatory of the view that the complex form of transition is to be attrib¬ 
uted to the intervention of NR, causing a shift of the post-glycolytic relations. 

Tbs record contains the most sinking variations of glyoolysis rate that we 
have yet met, and we note how steeply the rate falls off in nitrogen after tile 
height to wbch it has been pushed in pure oxygen. 

By giving oxygen to raise glyoolysis, and then nitrogen to lower it, it is 
possible to meet a moment of time in nitrogen at wbch the glycolysis rate, 
being still unadjusted just happens in passing to attain the value appropriate 
to air at that time. This is located in the figure at the moment when the falling 
glycolysis juBt cuts across the lme that glyoolysis in air would have followed. 
According to our present views, return to air at that moment should attest 
G1 at that value and maintain it there. The observed CO, would be expeoted 
to drop from NR — J -30 OR to OR and stay there without dipping below 
AJLR and creeping up again. This would be an interesting region for future 
experimentation; for here a change in oxidation might be examined apart 
lrom any change in glyoolysis rate. 

There is still one record left to be considered, apple XI, also presented in 
fig. 4. This differs from all the others in the fact that it is an apple in the 
early stage of storage and not in the late starvation stage as the other five. 
In the first paper the characteristics of the early phase are fully discussed, but 
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A and B in the opening page* of the previous paper, and at first eight tile classes 
appeared to have no feature in oonunon. It is perhaps significant that it was 
on the evidence of the course of the respiration in air that this class was set 
apart in the first paper of this series. That course is a result of carbohydrate 
metabolism and of the supply of Bubstrate for respiration. Since we have now 
come to the conclusion that the oxygen-nitrogen behaviour of apples is primarily 
an outcome of the effects of these gases on the carbohydrate equilibration, 
which controls glycolysis, it is no longer surprising to find that a class which 
shows a special starvation behaviour in air should also show special features in 
nitrogen. Taking up the method of analysis that has been worked out for 
Classes A and B we now find that it clarifies the nitrogen behaviour of Class C 
to Buch an extent that we can now regard this as a special case of the general 
formulation and no longer a type quite apart. 

The three apples of this class that were subjected to nitrogen bore the 
numbers VII, XXII and XXTV, one being very early in the storage series and 
the other two very late. The transitional features of VII and XXII are to be 
found in fig. 2, and the glycolysis line of VII in fig. 0. provided with con- 



Fu. 6.—General description M in fig. 3. Record XXV has been diw ussed carhei 

(see p. 014): 

struction lines of the type we have already described. The special features of 
these apples that arrested us, on empirical survey, were that the COj-production 
in nitrogen is identical with that in air, for a considerable period of time, and 
that then, quite suddenly, NR drops away rapidly. Added to these two^ 
features was the appearance of a special transitional effect in that the CO, 
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output rose at first for a few hours in nitrogen and then fell back to become 
again level with the OR values before nitrogen. This feature was at first 
put aside as some obscure disturbance of CO a -production at the outtmg off of 
air, but now that we have elucidated the components of thee omplex transitions 
of Classes A and B we acquire the key to the significance of the form in C. It 
seems reasonable to interpret the initial form which gives a rise of CO a for some 
8 hours followed by a steep fall, as being really the expression of a high initial 
NB falling steeply away, distorted by physical lag in CO a -oscape from the apple. 
The magnitude of the initial NR was therefore to be arrived at by extrapolation 
of tiie observed falling slope back to the origin and a value obtained for oom. 
parison with the final OR. We could thus evaluate the ratios which gives a 
measure of the rate of glycolysis m air, see Table I, p. 511. 

Record VII treated in this way gives us an initial value of NR — 20*4, 
while the final OR was 13*6. We get from these the same ratio of 1 -50 that 
we got for Class A apples. We conclude that hero also glycolysis = 3 x 1-5 
OR while in air. This ratio is supported fairly well by an examination of the 
ratio at the end of nitrogen where the final NR is 11-1, indicating initial OR 
of 7*4. The evidence cannot be decisive here because in this apple as in the 
other apple of Class 0 there is superposed on the complex triple transition a 
small after-effect of oxactly the type described for apple XXV. 

On the sum of this evidence we may construct the glycolysis line of VII an 
equal to 4 - 5 OR in air and 3 NR in nitrogen Clearly the form of this line in 
the upper part of fig. 5 is not fundamentally different in its gas relations from 
that of Classes A and B, but it does present a special secondary difference in 
this, that instead of falling away in nitrogen along a smooth curve from the 
initial it firat falls fast and then maintains a short level phase for a period of 
time before the fall is continued, rather suddenly and rather steeply. On 
our view this behaviour must be an expression of the factors governing the 
supply of the glycolyBis substrate C. It is a difference of carbohydrate meta¬ 
bolism and not of respiratory oxidation. The relations of G1 to OA and OR, 
and of Q1 to NR are the same as in Class A. The characteristic thing is the 
form and rate of the depression of glycolysis on continuance in nitrogen. 
Whereas, with apples of Class A, glycolysis m nitrogen is depressed in a smooth 
falling curve at such a rate that NR, whioh equals 01/3, never gets as low as OR 
in the experimental period, here in Class C we find that 15 hours suffloes to 
depress glycolysis so that Gl/3 is just equal to ALR, while after 45 hours 
this value falls away fast to below ALR. 

The rapid decline observed in these apples seems associated with a rapid 



520 


F F Blackman 


power of recovery of glycolysis m air for after nitrogen the original rale is 
built up again in about 45 hours in spite of the very great previous depression 
This form of the depression of glycolysis which appears as exceptional among 
our apples occurring only in association with those apples that can keep a 
level respiration in air has been found by our investigation of other plant 
tissues to be the typical form in leaves of Cherry Laurel In these leaves 
when starving carbohydrate metabolism runs a different cotune from that of 
starving apples as shown by their reoords of respiration in air and in them 
nitrogen invariably produces exactly in every detail the form of effect here 
Inscribed for apple VII The significance of this form will be taken up again 
in our analysis of the respiration of these leaves in a future paper 

ihe two other apples of this class must be briefly examined Apple XXII 
agrees exactly with VII in type but can maintain the level middle period in 
mtrogen only for a short tune the rectilinear fall sets m after 22 instead of 
45 hours Its transitional behaviour appears in fig 2 but its glycolysis features 
igree so well with those of VII that no figure is presented Ihe extrapolation 
of the first falling NR values points to an initial NR value of 21 3 which 
gives a ratio of 1 32 to the last OR value of 13 6 before nitrogen The glyco¬ 
lysis line would therefore be drawn as Q1 — 3 x 1 32 OR At the end of 
nitrogen we find final NR = 12 7 indicating by this ratio an initial OR of 
0 (1 This fits in well enough with the narag curve of OR values reaching 
the air line in about 45 hours but the situation is obscured aB in VII by the 
pri senct of an after effect 

Apple XXIV gives a fragmentary record which is therefore not figured 
exopt in the general records It was not returned to air after mtrogen as 
we wished to follow the nitrogen depression which here was associated with 
toxic effects The early fall of NR is very steep and the extrapolation to the 
origin is not very securely located but we accept 27 6 as the initial NR 
ihis gives a ratio of 1 33 to the final OR of 20 8 The glycolysis line would 
therefore be constructed at G1 = 3 x 1 33 OR 
In record XXIV the level middle phase in nitrogen is so short on the NR 
lecord that its existence might have been ignored had it not been for the 
indications of the records of VII and XXII The decreasing duration of this 
middle phase along the chronological senes we should attribute to altered 
carbohydrate metabolism with metabolic dnft We may note that in apple 
XXIV the form of the NR progress has become practically a continuous curve, 
which brings it within the formal definition of Glass A though very much 
stetper 
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Surveying these ratios for the three Class C apples we note that VII gives 
1*00, while XXII gives 1*32 and XXIV 1*33. We find then both types of 
ratio in one olass, but it must be mentioned that seven months elapsed between 
VII and the two later examples. There is possibly a correlation of the lower 
ratio with late metabolic states. 

Section V. —Conclusion : the Outstanding Features of the Proposed 

Respiration Schema. 

In the first section of this paper we set out dogmatically a proposed schema 
of respiration reactions; in the second section we sketched our view of the 
functional working of this chain of reactions in relation to starvation and to 
variation of oxygen supply; in later sections we turned to the actual records, 
and demonstrated that the system provides a plausible interpretation of all 
the quantitative variations of CO a -production that we had observed in these 
apples. 

Now that we have worked through all these particular aspects of the matter 
we may conclude by surveying more generally the essential features of the new 
situation. The moat fundamental departure is that attention is concentrated 
Upon the rate of glycolysis, as much when the tissue is in air as when in nitrogen. 
Glycolysis is regarded as the common measure of respiration in all conditions. 
The production of C0 2 provides us with an inde\ of the magnitude of 
glyeolyBis. 

Another feature is the adoption of the view that normal hexoses (group B 
of the schema formulated on p. 492) are not the direct substrate for glycolysis 
or oxidation but that some specialised derivative of them is indicated for this 
function. This we represent by our group C, suggesting that the more active 
heterohexoses might prove a suitable representative for this position. The 
general reasons for interpolating a new reactaut m the series are based on 
dynamical considerations. The way the apple metabolism responds to changes 
of oxygen supply suggests that the significant reactant is not a substance of 
high concentration, which can undergo only slight alterations of amount, but 
rather one of low concentration which is subject to marked changes of con¬ 
centration, production, and consumption within the range of the expert* 
mental changes we have imposed upon our apples. 

It is clear that we oan alter the glycolysis rate from a minimum of unity to 
a maximum of threefold. Postulating that the mass laws hold in this meta¬ 
bolism, at least a shift in the concentration of the substrate is required. 

We have no estimations of carbohydrates available for these apples, but general 
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knowledge of sugar oontent gives no support to the view that the amount of 
normal hexoees is sufficiently mobile. Exact knowledge in this field is being 
rapidly acquired by direct and continuous analytio studies of sugars in apples 
carried out by other workers in connection with the Food Investigation Board; 
and from this survey it should be possible to make a final decision by combining 
carbohydrate analyses with direct respiration estimations. 

In suggesting that the concentration of a substrate C, of which we have no 
knowledge in apples, is really the important aspect of all types of respiration, 
we have simply followed up the indications that we draw from our data. We 
have data from other tissues awaiting similar analysis, so that later we shall 
see where they in their turn appear to lead us. After that it may become 
necessary to take the present schema to pieces and reconstruct it, but at least 
we shall have consolidated a mass of relations to which any future system 
must conform. 

Another new feature which arises out of the analysis of apple respiration 
and the concentration of attention on the rate of glycolysis is that in air a 
largo amount of some substanoe, which we have labelled OA, is farmed con¬ 
comitantly with the COj + H a O of OB. This conception, again, arises out 
of the facts presented to us and seems unavoidable, but as to the exact status 
and fate of OA we have not yet any deoisive evidence. That it does not 
accumulate seems certain, and so we consider it as being built back into the 
stream of catabolites. It would be possible to hold that OA results from a 
catalytic oxidation process, which is independent of OR but has identical 
oxygen relations, or that OA is an antecedent of OB, so that in air the whole, 
of glycolysis goes to OA first, while only part of it is oxidised on to CO f . If the 
concentration of OA were low with a specific catalyst converting it to OR, 
then a constant relation between production of OA and OR might still be 
maintained through considerable variations of the rate of total glycolysis. 
Even within the range of variation of metabolic types presented by this one 
lot of apples we find evidence that the ratio of OA to OR may range from 9*0 
to 3*5, when types are contrasted, though it seems to remain constant within 
a given type. With other plant tissues "we may find such a variation of this 
ratio that the production of OA and of OR will cease to be regardable as two 
colligate aspects of one catalytic activity. 

In spite of the uncertainties that surround the new components C and OA, 
introduced into our survey of respiration, we hold that one definite advanoe 
has been made by showing how glycolysis in oxygen mixtures can be evaluated, 
and a second by reaching the conclusion from such evaluations that glycolysis 
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proceeds at a greater rate in air than in nitrogen, and is still further accelerated 
by further rise of oxygen concentration. It is here suggested that this accelera¬ 
tion of glycolysis by oxygen is not due to oxidation but to the acceleration of 
the rate of production of the substrate for glycolysis. Should it be established 
that the primary effect of varying oxygen supply in respiration lies in the 
control of carbohydrate equilibrium, then our biological outlook on this 
function will be considerably modified. 


A Study of the Adrenal Cortex in the Mouse and its Relation to the 

Gonads. 

By Roth Deanesly, B.A., B.Sc, Department of Anatomy and Embryology, 

University College, London. 
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Inti oduction. 

t 

In 1920 Masui and Tamura published a study of the adrenals of mice (20), 
and drew attention to the larger size of the female adrenal as compared with 
that of the male. They state that this is due to the degree of development of 
the zona reticularis, which is reduced to a few cells in the male, but may be 
of considerable size in the female. The extent of the zone in the female, 
▼ol. out, —b. 2 o 
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however, varies greatly; it disappears almost entirely in old animals. Alter 
castration, the zona reticularis grows in the male and the gland tends to reach 
the female size; ovariotomy has no effect on the adrenal. The statement is 
made (p. $73), that “ the size of the adrenals shows a considerable difference 
according to various periods of the ceetrous cycle, and this variation in size 
is due to the structural difference of this gland.” During pregnancy and 
laotation the glands are said to diminish in Bize, but the weights are not given. 

Shortly afterwards Tamura published a further paper (25), on structural 
changes in the adrenal during pregnancy. He states that the gland becomes 
reduced in area owing to the degeneration of the zona reticularis before the 
formation of the placenta ; the two outer zones of the cortex increase in size 
during pregnancy, as does the medulla. 

Subsequent research has only partially substantiated the conclusions of 
these writers; their tables of measurements are of doubtful statistical 
significance. 

The present work was undertaken in order to ascertain whether variations 
in the adrenal cortex could be correlated with phases of the oestroua cycle, 
as Masui and Tamura had suggested; it was later extended to the 
adrenals of both sexes and their relation to the gonads. The experimental 
work was almost completed before an important paper (21), on the same 
subject appeared. It was then found that Mrs. E. Howard-Miller had already 
made a very similar study of the adrenals of mioe, and had arrived at con¬ 
clusions agreeing closely with those recorded here concerning the histological 
changes which occur in the cortex. The present account» designed to confirm 
and supplement Miller’s observations, and reference should be made to her 
paper for further details. 

Miller describes the differences between the adrenals of male and female 
mice, and traces the changes taking place in the course of the life-history. 
The large inner cortical zone, present at puberty in the unmated female, and 
absent from the male, is termed the X zone; ending further comparative work, 
Miller prefers not to call it the zona reticularis , under which name it was 
described by Tamura (20, 25). 

The X zone is said to disappear normally from both unmated and mated 
females during the first half of the reproductive period, the time of its dis¬ 
appearance varying very considerably. The sequence and time relationships 
of the degenerative process were studied by means of unilateral adrenalectomy, 
followed after intervals of 1 to 21 days by removal of the second gland. The 
histological process of degeneration is described in detail; no reference is 
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made to recrudescence of the X zone In the unmated female there was 
found no correlation of the oestrons cycle with changes taking place in the 
adrenal cortex Pregnancy accelerated the degeneration of the X zone but 
had no specific effect on the histological structure of the gland The state 
meats of Tamura and others (1 20) with regard to the effects of gonadectomy 
on the adrenal are corroborated by Miller 


Material and Technique 

The mice used m this work belonged to a colony maintained at University 
College by Dr A 8 Parkcs details of its management have been given in a 
previous paper (22) Owing to the liabibty of adrenalectomised animals to 
suffer from cold special efforts were made to secure a constant suitable tempera 
tore but otherwise these mice were maintained on a balanced diet under the 
same conditions as the rest of the colony 

Dr Parkes has carried out all the operations in connection with this work 
and has also been responsible for observations on the oestrous cycle and 
breeding I am deeply indebted to him for his constant assistance 

Operati e Technique —Tho mioe were amesthetised and the adrenals removed without 
ligaturing through a slit in the dorsal body wall Ovariotomy was performed in the 
same way but the vowels wore li^at ired Castration was effected by means of a mid 
abdomi lal incision not through the scrotum 

Histological Technique —Three principal fixatives were used for the adrenals in this 
work Bourn s fluid for micro anatomical detail Flemming b fluid (with aoetio) for the 
fixation of fatty substances and Ciaocio s fluid* followed by bud&n III for lipoids 
Tho glan Is were imbedded in paraffin and cut in complete serial sections for the study 

of fats and lipoids section* were mounted in Farrants glycerine medium Among the 
stains employed were iron luBmatoxybn folic wed by Van Giesona pioro acid fuchsin 
and Fhrhchs hematoxylin with losin or Fasini The latter served to differentiate the 
fibrous reticulum and the cytoplasm of different parts of tl e oortex 

It is realised that the methods list* 1 abovo can only give approximate mlioations of 
the nature of the coll contents it seems possible however with their aid to distinguish 
differences in the cell contents in various parts of the gland and at various times In the 
following histological descriptions the term fats is used for substances which are blackened 
by osmio acid and lipoids for substances stained brown with osmio acid or orange with 
Sodan III after fixation in Ciacoios fluid 


* Chaooio s fluid — 

5 per oent potassium bichromate 
40 per cent (concentrated) fonnol 
Glacial aoetio 


16 o o 
4oo 
loo 


2 O 2 
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I .—General Description of the Mouse Adrenal. 

Site of the Glands .—Maximum horizontal sections through glands from young 
adult male and female mice are shown in Plate 11, figs. 2 and 3; these illustrate 
the sex differences in the size of the adrenals. A comparison of the weights 
of the glands in six males and four females indicates that the female gland 
weighs approximately three times that of the male, but both show considerable 
variation in size. Miller (21) finds that in the male the left adrenal is about 
10 per cent, larger than the right. In my own material female glands may be 
found belonging to the same animal which show a very great discrepancy in 
size ; one gland may be four times the size of the other, the smaller occurring 
on either side of the body. A considerable Bize difference may also exist 
between the two glands of a male. These variations m apparently normal 
animals are so great that estimations of hypertrophy (e.g., following unilateral 
adrenalectomy or during pregnancy (26)) would be very liable to error, unless 
calculations were made for a large number of animals. Observations on 
glands cut in complete serial sections indicate that compensatory hypertrophy 
in the remaining adrenal following the removal of the other is not noticeable 
until more than three weeks have elapsed after the operation. Fig. 7 shows 
a section through an adrenal seven weeks after the removal of the one on the 
other side. 

Histology .—The two adrenals of an animal, even when differing m size, 
are always found to be histologically similar. This is in agreement with the 
statements of Miller (21) for the adrenal of the mouse, and of Guieysse (8) for 
the adrenal of the guinea-pig. 

Figs. 2 and 3 illustrate the structure of the glands in male and female mice 
of the same age. In both the edge of the cortex is occupied by the zona 
glomerulosa, where the cells are flattened perpendicularly to the radius, and 
arranged in rounded masses; below this lies the zona fasciculata, consisting 
of regular radial strands of cells. In the male gland this passes over imper¬ 
ceptibly into a region varying in size, but often small, where the cells are 
more or less irregularly arranged and have slightly darker staining cytoplasm 
(fig. 9); these cells arc similar in size to those of the zona fasciculata in most 
males, but sometimes smaller, as in the corresponding region of the female 
gland (fig. 2). Among these inner cortical cells runs a well-marked band of 
fibrous reticular tissue, forming an apparent medullary boundary in the male 
gland; this is absent from the gland of the young adult female (fig. 3). This 
“medullary membrane,” as it has been termed, has been referred to by 
numerous writers on the adrenal, and is often described as consisting of fibrous 
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connective tissue. Flint (7) and Corner (5), however, claim to have shown 
that the framework of the adrenal consists of a “ fibrillar reticulum,” similar 
to the one in the liver and lymph glands. The staining reactions of this sub¬ 
stance are similar to those of fibrous connective tissue, but the two can be dis¬ 
tinguished by the Bielschowsky-Maresch silver-nitrate method. Comer 
maintains that the “ fibrillar reticulum ” develops from the endothelium of 
the capillaries, and this is in agreement with my own observations on the 
mouse adrenal. Further reference to the development of this fibrous tissue 
round the medulla will be found below. 

In the youngfemale, up to two-thirds of the adrenal cortex may be occupied 
by a dark staining zone, whose cells project irregularly into the medulla 
(fig. 3); the transition between the sona fasciculata and this zone, in which the 
cells are small, closely massed and more deeply stained, is normally abrupt. 
The dark inner zone is termed “ zona reticularis ” by Tamura, and “ X zone ” 
by Miller. In older females, the X zone disappears partially or completely 
and the cortex of the adrenal becomes histologically similar to that of the 
male, though the size difference m the glands persists (fig. 5). Pigment is 
absent from the adrenal cortex in mice. 

The Nature of the Zona Reticularis. - A study of a number of adrenals from 
different mammals makes it apparent that the zona reticularis of the cortex 
is by no means a clearly definable region. For the present, however, the term 
may be applied to the inner part of the cortex where, normally, blood vessels 
and fibrous tissue are prominent, and the cells show a reticulate or irregular 
arrangement. 

In all rodents examined, other than mice, a zona reticularis may easily be 
distinguished in the adrenal; there are no obvious histological differences 
associated with sex, though the gland of tho female rat is larger than that of 
the male (9, 11). 

If a number of adrenals from male mice—particularly glands fixed in 
Flemming’s or Ciaocio’s fluids—are examined, there can be no doubt that 
there iB an inner region of the cortex which corresponds to the zona reticularis 
of other mammals (figs. 2 and 9); oompared with the rest of the cortex, this 
area in the mouse is practically free from fats. In the latter respect it resembles 
the large X zone in the young female, and also the inner part of the cortex 
after the X zone has degenerated. 

It seems reasonable to regard the X zone at its maximum in the young 
famalfl as a tr ansi tory development of the zona reticularis, which is much 
smaller in the adult animal. 
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Tamura (20) states that the zona reticularis has disappeared almost entirely 
from the male mouse adrenal; he bases this view on the fact that at about 
four weeks old, the dark staining zone present in both sexes next the medulla 
(fig. 1) apparently degenerates in the male, whereas it continues to grow in 
the female and forms the zona reticularis (X zone). The explanation seems 
to be that some oells degenerate, and the remaining ones do not inorease com¬ 
parably to the rest of the gland ; the area they occupy is sometimes so small 
in the adult male adrenal as to be readily overlooked, particularly if the fixa¬ 
tive used has not preserved the cell inclusions. 

In the present paper, Miller's term " X zone ” will be retained for the con¬ 
spicuous development of the zona reticularis present in the young female 
mouse, in order to distinguish it from the corresponding small region in the 
glands of adult mice of both sexes. 

II .—The Development and Histology of the Adrenal in the Male. 

Thirteen glancls were studied from mice 19-30 days old and fourteen from 
older males. At three weeks the cortex of the adrenal has not yet developed 
its adult characteristics ; the cells show no regular arrangement and have not 
yet attained their full size. The inner part of the cortex is closely interlocked 
with the medulla and differentiated from the rest by the smaller size and 
more darkly staining cytoplasm of its cells (fig. 1). This region appears to be 
comparatively free from fats and lipoids. 

In the course of the next two weeks the adrenal grows and approximately 
reaches its adult size ; the growth appears to be brought about more by an 
enlargement in the size of the cells than by an increase in their number. The 
darkly staining inner zone practically disappears during this time. Its sup¬ 
pression seems to be connected with the early cessation of growth in the male 
gland as compared with that of the female. Castration experiments show 
that the male adrenal is influenced by the testis during this period. 

Examination of sections through a male gland where the inner zone is in 
process of disappearance fails to reveal any obvious amount of cell degenera¬ 
tion, but an increased prominence of reticular connective tissue can be observed 
round the medulla. Gradually this fibrous tissue forms a complete ring, and 
some of the cells in the darkly staining zone which remain inside it are pushed 
into the medulla (fig. 8). Since cortical cells cannot be found in the medulla 
of fully developed male glands, they must be presumed to degenerate; just 
prior to their disappearance, these cortical oells contain small globules of fats 
and lipoids which were absent at an earlier stage. 
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Some of the dork staining cells of the original inner zone persist outside the 
ring of fibrous tissue these form the irregular zona reticularis round the 
mednlla distinguishable m the glands of adult mice (figs 2 and 9) This can 
be readily seen m large adrenals but in small ones it is poorly developed and 
moonSpiouous Proportionately to the rest of the gland it is smaller and less 
distinct than the darkly staining zone visible at three weeks Fat is absent 
from the zona reticularis in the adult gland but lipoidB occur throughout the 
cortex, though they are commonly more abundant towards the exterior 

III —Development and HtUology of the Adrenal tn the Unmated Female 

In the course of this study 40 glands were sectioned from animals known to 
have been unmated these form two series The first comprises 8 animals 
of known age from 3 to 12 weeks whose glands were sectioned in order to 
trace their normal growth and development The second senes consists 
of 14 mature females (over 8 weeks old) whose exact age was not recorded 
To these adrenals may be added the left glands of the animals described in 
Section IV 

The ohanges occurring in the adrenals of unmated mice will only be referred 
to briefly here aB they have been fully described by Miller (21) At 3 weekB old 
the adrenal of the female resembles that of the male at the same age (fig 1) 
The transition between the darkly stamed inner region and the rest of the 
cortex ib not so abrupt as m the older female where the X zone is fully developed 
During the time when the inner zone is disappearing from the male gland it 
is growing rapidly in the female an! by 5 weeks old it occupies about half the 
cortex Its cells* which ore smalltr than those in the zona fasciculata 
ramify among the medullary tissue and can be seen forming darker groups 
among the lighter staining medullary cells There is no band of retioular 
connective tissue round the me lulla such as has developed in the gland of the 
male mouse of the same age In rather older females isolated groups of 
cortical cells in the medulla can still be found but are less common The 
proportionate size of the X /one app* ars to be independent of the size of the 
gland some adrenals which are below the average and hardly larger than 
those of a male Bhow a well developed X rone The present material does not 
indicate at what average age the X zone begins to break down m the unmated 
female contrary to Miller s statement however it may be still intact m a 
12 weeks mouse (fig 3) 

* Iapoids are present in the X zone at this stage while growth is continuing but are 
absent from the fully developed tone though they reappear when degeneration sets in 
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Hietclogy of Degeneration .—The adrenals of the second series, consisting of 
mature unmated mice, are referred to below in connection with observations 
on the oestrous cycle. The types of gland occurring among them are illustrated 
in Plates 14, 15, figs. 11-15. They confirm Miller’s account of the normal 
degeneration of the X sone in unmated females. This author describes two 
modes of degeneration: either the greater part of the zone becomes gradually 
vacuolised (fig. 14), and degenerates in stfu leaving* a mass of reticular tissue 
enclosing large fat globules, or the cells merely become shrunken and crowded 
together, with little or no voouolisation, and the X zone is thus slowly reduced 
in size, till it finally disappears. 

Both these types of degeneration have been observed in the present material; 
in most glands Btudiod, however, the X zone seems to disappear gradually as 
the result of an inconspicuous process of cell degeneration, which may begin 
either at the outside of the zone (fig. 12) or next the medulla. The space 
ocoupied by the degenerating cells is first filled with reticular tissue and 
capillaries,distended with blood corpuscles (figs. 11 and 13), and later obliter¬ 
ated. Large fat vacuoles may occur next the medulla when the zone is more 
than half absorbed (fig. 13), but they are often absent in the earlier stages and 
do not form a constant feature of the degenerating zone. During the resorption 
of the X zone the reticular fibrous tissue, which appears to be derived from tho 
endothelium of the capillaries, proliferates and becomes more prominent; 
eventually, when the zone has undergone considerable degeneration, this 
fibrous tissue forms a complete ring round the medulla (fig. 15); a few groups 
of cortical cells left inside this ring become pushed into the medulla and sub¬ 
sequently disappear. The fibrous band persists and fonnB a cortico-medullary 
boundary as in the male, where it has arisen earlier in the same manner. A 
remnant of cells from the original X zone may persist among the fibrous tissue 
and outside it. 

The various types of histological degeneration are in no way mutually 
exclusive ; a combination of all three -vacuolisation, crowding of cells, and 
increased prominenco of the capillaries and retioular tissue accompanying 
progressive cell degeneration—may occur together in the same gland (fig. 13) 
or either of the first two types may be associated with the latter. The degenera¬ 
tion of the X zone m the unmated female appears to be a slow process; the 
pain of glands removed from animals at intervals of 5 or 11 days showed no 
appreciable histological differences, even where degeneration of the X zone 
had set in. 

In one case, the left gland was removed from a female and found to be 
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extensively vacuolated (fig. 14); 3 weeks later the remaining gland was obtained 
and found to be histologically similar, showing that the vacuolated condition 
is sufficiently stable to persist for an appreciable time. 

A gland from another animal contained an X zone that was still moderately 
large ; this was degenerating, reticular tissue and capillaries being prominent, 
but fat vaouoles absent. In the second gland, obtained 3 weeks later, the X 
zone was similar, but not noticeably smaller. Miller’s work (21) has shown 
that removal of one gland does not interfere with the degenerative process in 
the other, consequently it must be inferred that the process is commonly slow, 
in the absence of pregnancy. 

Development of a New Cortical Zone after disappearance of the X Zone .— 
Miller records a considerable variation in the time of disappearance of the X 
zone from virgin females; the degenerative process is assumed to be irreversible. 
The present material, however, includes a small number of animals, in which 
an area similar to the X zone had developed round its fibrous remains. The 
interval which elapsed between obtaining the left and right glands was 4-7 
weeks, the left being removed first. It was not known whether these animals 
had been pregnant prior to the operation, but in the time following unilateral 
adrenalectomy they were unmated. Complete degeneration of the original 
X zone had taken place in all these animals, leaving a fibrous zone round the 
medulla. It is believed that the new inner cortical zone is the homologue 
of the zona reticularis in other adult animals, and it will bo described under 
that name. 

SCM 11.—In the left gland the inner part of the oortex, adjacent to the fibrous zone, 
consists of nndegenerating oella; in size and staining these are intermediate between the 
cells of the zona faeoioulata and those of the X zone in the young female. The area whioh 
they ooeupy appears darker than the rest; it is not sharply defined but oeeupiee between 
a third and a quarter of the depth of the oortex. Tho appearance and dimensions of the 
cells and the absence of prominent blood vessels, fibrous reticular tiasue or vacuoles, 
distinguishes this irregular zono from an X zone in oourse of degeneration. 

In the right gland, removed throe weeks later, this zona reticularis is larger and more 
distinct at its outer edge, tho blood vessels and fibrous tissue next the medulla, however, 
appear to be extending into it, and it is probable that degeneration of the type found in 
the X zone is beginning. 

SCM 4.—No definite inner zone oan be traoed in the cortex of the left gland, but tho cells 
next the fibrous zone are slightly darker staining than tho others. Tho right gland was 
removed four weeks later, and shows a well-marked zona reticularis, where tho cells are 
both smaller and darker staining than those in the rest of the cortex (figs. 6 and 17). There 
are no indications in it of hyperemia, and tho fibrous retiouiar tissue round the medulla 
has only penetrated the zone appreciably in one place. 

SCM 13.—In the left gland tracee of the degenerate X zone persist in the fibrous 
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flnmuwH tro time ; outaide this the oellfl were smeller then In the net of the eertax, bat 
did not form e distinct cone. 

In the right gland, removed five weeks Inter, there was a well-marked dark staining 
tone round tho fibrous tisane, similar to the one which had developed in SCM 4, and 
occupying two-fifths of the depth of the oortex. This was extensively vacuolated and 
hypenemio. 

SCM IS.—In the left gland the inner part of the oortex is hypensmio, but there is no 
zone of small cells. In the right gland (fig. 7) removed seven weeks later, a large irregularly 
shaped sona reticularis is present, of whioh the limits are quite distinct, owing to the 
difference between the size of its ceils and those of the zona fasciaulata. The inner part 
of the zona retioularis is hypenemio and it contains a number of degenerating oella. 

Leas definite indications of the growth and differentiation of an adult zona reticularis 
were observed in the glands of two other females, removed at intervals of three and six 
weeks. 

A study of the glands described above shows that the inner region of the 
adrenal oortex in the female may undergo changes after the original X zone has 
disappeared. Mitoses were very rare in the material examined, so that one 
cannot definitely exclude the possibility that the new zone is the result of an 
inward movement of the fasciculate cells, accompanied by proliferation in 
the glomerular layer or elsewhere. At the same time, there is no evidenoe of 
any such migration, and it seems more probable that the zona reticularis 
arises tn situ, m the same manner as the zone forming in the gland of the male 
after castration. 

The circumstances leading to these cortical changes in the female gland are 
unknown; they are not associated solely with compensatory hypertrophy, 
following the removal of one gland, and are probably unconnected with it. 
SCM 11 showed a zona reticularis in the first gland removed, whioh was 
apparently beginning to degenerate in the other gland, 4 weeks later. Marked 
degenerative changes in a zona reticularis in the right gland of SCM 13 also 
indicate its variable character. 

It is possible that the formation of a well-marked zona reticularis only takes 
place in animals where the original X zone has disappeared early before the 
gland has loBt the power of further growth. 

The (Estrous Cyde and Adrenals in the Unmated Mouse .—Vaginal smears 
were taken dady in a number of unmated mice; a record was made of the 
phase of the osstrous cycle at which one or both adrenals were removed. In 
six animals both glands were obtained simultaneously, in nine an interval of 
5 days elapsed between the removal of the left and right glands, and in three 
animals the interval was 11 days. In all oases the pairs of glands were 
histologically similar to each other, including those removed at different periods 
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of the osstrous cycle. On the other hand, obtained from different 

a nim a te at corresponding periods of the cyde were of all types. 

It may be concluded that histological changes in the adrenal cortex of the 
nnmated mouse show no relation to the oestrous cycle. 

IV .—The Effect of Pregnancy on the Adrenals. 

Twenty-eight adrenals were examined from 17 animals, in various stages of 
pregnancy and lactation; the exact age of the mice was not known in all 
cases. The observations on these animals may be summarised as follows:— 
Five a nim a te killed when not more than 7 days pregnant showed various types 
of X zone ; in a primiparous, 50 days old female, the X zone was intact and 
interlocking with the medulla , in the others the X zone was small and vacuo¬ 
lated, and a connective tissue band had already formed round the medulla. 
In 4 animate, killed when 11 to 16 days pregnant, only a remnant of the X zone 
persisted round the medulla; the glands were of the type shown in figs. 15 
and 16. In 8 animals killed during lactation, the X zone had practically 
disappeared from the adrenals and there was no sign of its recrudescence. 

These preliminary observations, together with those on the glands of un¬ 
mated females, indicated the necessity of examining the effect of pregnancy 
under more accurately controlled conditions. Accordingly the left adrenals 
were removed from 24 females and sectioned and examined. A considerable 
amount of X zone was present in the glands of 17 of the mice ; these animate 
were selected for mating as possessing adrenals likely to show the maximum 
changes as the result of pregnancy. Degeneration of the X zone, when 
present, had in no case proceeded far enough for the formation of a complete 
connective tissue band round the medulla, once this has taken place, cortical 
and medullary tissues no longer interlock. 

Fourteen of the 17 animals selected for the experiment were mated with 
normal males 1 to 11 days after the removal of the left gland; all copulated 
and 10 became pregnant; in 4 cases m which the first copulation was infertile, 
the vaginal plug was found less than 2 days after the operation. (SCM 25, 26, 
29, 30.) 

The condition of the remaining adrenal in the senes of mated animals and 
unmated controls is summarised m the tables below. A comparison of the 
right adrenal with the left from the same animal will indicate any changes 
caused by pregnancy; changes resulting from progressive normal degenera¬ 
tion will be indicated equally by the non-pregnant controls. 

Table III includes all the animals whose left gland contained a large X zone. 
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occupying more than half the depth of the cortex; among these indications 
of degeneration (vacuoles or increase m the reticular tissue), were absent or 
slight (fig. 3). 

Table IV includes animals in which the X zone had already undergone some 
reduction, or showed well-marked indications of degeneration. In all these, 
except SCM 19 and 24, the zone occupied one-third to two-fifths the depth of 
the cortex, and fibrous tissue and, blood vessels were more prominent than in 
the undegenerated zone of a young animal (fig. 12). SCM 19 had a left gland 
containing a large X zone, of which half the area in section was occupied by 
vacuoles (fig. 14); SCM 24 was of a similar type, but vacuoles only occupied 
about one-eighth of the area of the zone. 


Table III.—Largo Undegenerate X Zone in Left Glands. 


No. of 
female. 

Dayi after the operation. 

Dayi 

pregnant 

(poet 

roitum). 

Condition of X zone in 
nght gland. 

Mated. 

Vaginal 

plug. 

Killed. 

SCM 30 

1 

2 

9 | 

_ 

Sun liar to left gland. 

SCM 27 

— 

— 

14 

— 

*1 M 

SCM 2S 

1 

2 & 16 

23 

n 

Reduced to one quarter of previous 
aize; remainder s ho we oonepiououe 
a chlorous. 

SCM 5 

6 

9 

21 

12 

Reduced to a few oella among 
fibrous tuwue. 

SCM 17 

11 

14 

26 

12 

>2 •• 

SCM 0 

6 

7 

21 

14 

ft ft 

SCM e 

6 

8 

26 

18 

ft M 

SCM 10 

6 

9 

21 


Similar to left gland. 


The results summarised in this table indicate dearly that pregnancy causes 
a rapid and complete degeneration of the X zone, even if no reduction had been 
previously apparent. Copulation alone does not initiate degeneration, and 
the X zone may persist in the same histological condition for at least 3 weeks, 
following the removal of the other gland. In SCM 9, 17 and 20 the interval 
between the fixation of the right and left glands was only 2 to 5 dayB longer 
than in the non-pregnant animal SCM 1$ in which no degeneration of the X 
zone was apparent; the striking changes in the right glands of the former are 
undoubtedly due to pregnanoy and not to the additional dayB in the interval. 
The fact that fibrous reticular tissue appears round the medulla in the place 
of the X zone in all animals more than 10 dayB pregnant (fig. 16) makes it 
possible to state definitely from the condition of their glands that none of the 
17 animals used in this experiment had previously been pregnant. 
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Table IV —Partially Degenerated X Zones m Left Glands 


No of 
female 

Daya after the operation 

! 

i Daya 

pregnant 
(post 
coitum) 

Mated 

Vaginal 

plug 

Killed 

L 

SOM 26 

1 

2 

9 


SCM 29 

1 

2 

0 

— 

SCM 18 

11 

14 

21 

7 

SCM 24 

1 

0 

i 18 

71 

SCM 19 

_ 


21 

_ 

SOM 28 

1 

4 

1 U 

10 

SCM 7 

fi 

8 

21 

13 

1 

SCM 12 

8 

7 

21 

14 

SCM 10 

— 

1 ~ 

1 21 

1 ~ 


Condition of X cone in 
right gland 


Hob almost disappeared 
Reduced to one half of previous 
size 

bimilai to left gland, bat rather 
more vascular 

Sice similar to left but foar fifths 
of area vacuolated 
Similar to left gland 
Reduced to a few cells among 

fibrous tissue 

Reduced to a few oolls among 

fibrous tissue (fig 10) 

Reduced to a tew cells among 

fibrous tissue 
Similar to left gland 


The results summarised in Table IV show that independently of pregnancy, 
degeneration of the X zone during its later stages may proceed sufficiently 
rapidly for an appreciable amount of change to take place in 3 weeks though 
this is not always the case Degeneration was further advanced in the left 
gland of SCM 10 than in any other, but the X rone showed no appreciable 
change 3 weeks later 

A oompanson of the right and left glands of SCM 18 indicates that the 
gland remains unaffected during the first 6 or 7 days of pregnancy SCM 25 
a slightly later pregnancy than SCM 18 showed active reduction taking place 
in the X zone of the right gland The process has been completed in SCM 28 
(10 days pregnant) and later pregnancies The increased vacuolisation in 
the X zone of SCM 24 contrasts with the inappreciable change over a longer 
period in the non pregnant SCM 19 (fig 14) in which the same type of histological 
degeneration had reached a more advanced stage in the left gland Degenera 
tion of the X zone thus takes place between the seventh and twelfth days of 
pregnancy, and coincides with the beginning of rapid growth in the embryos 

Hutology of Degeneration during Pregnancy —Degeneration is more rapid m 
the pregnant animal but does not differ in other respects from the process 
already described in the unmated female The degenerating cells of the X 
sons are in intimate contact with the medullary blood vessels, which are filled 
with red oorpuscles 
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As long as it in intact the X zone appears practically lipoid free; during . 
degeneration patches of lipoids occur in it, and also large vacuoles, of which 
some, but not all, contain fat at the time of fixation. After the X zone has 
undergone extreme reduction, the fibrous residue continues to separate the 
lipoid containing area of the cortex from the medulla; lipoids may extend 
up to this fibrous zone, but are oommonly most plentiful near the exterior. - 

V. —The Effect of Qonadectomy on the Adrenals. 

Castration .—14 male mice in all were castrated, 2 at 3 weeks old, 5 at 6 
weeks old, and the remainder at 12 weeks or older. They were killed at 
intervals of 2 to 10 weeks after the operation ; both adrenals were fixed and 
sectioned, and compared with those of normal mice of a similar age. 

It was found that the glands of castrated animals showed a gradual increase 
in size over those of the controls, particularly when tjhe operation had been 
performed prior to sexual maturity. The glands, being required for histo¬ 
logical purposes, were not weighed, and estimations of the increase could only 
be made from serial sections. The glands increased up to 40 per cent, in thickness 
and were larger in section than those of the average male mouse; the largest 
observed approximated in size to those of the female. Where castration takes 
plaoe after sexual maturity the adrenals enlarge more slowly, and probably 
never reach these dimensions; 8 weeks after the operation the increase in 
thickness is approximately 25 per cent. 

Histological examination of the adrenals shows that the medulla takes no 
appreciable part in the enlargement of the gland. Three weeks after castra¬ 
tion the oells of the zona reticularis have become more numerous; as they 
continue to increase (fig. 10) an area develops which eventually resembles the 
X zone in the young female in all respects. Fig. 4 is a section through the 
gland of a 13-weeks mouse, oastrated at 3 weeks old, and shows the maximum 
development of this zone which was observed. It is interesting to note the 
absence of the fibrous reticular band whioh normally encloses the medulla 
in a male of this age. Apparently if the testes are removed at 3 weeks old, 
the partial degeneration of the inner zone of the cortex accompanied by prolifera¬ 
tion of reticular tissue does not take place; the darkly staining inner zone 
(fig. 1) continues to grow, and remains interlocked with the medullary oells 
as in the young female. 

The developing X zone in the male does not appear to be formed by an 
inward movement or proliferation from cells of the two outer cortical zones; 
these oells show no changes. The new zone arises on the site of the small 
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normal zona reticularis, and spreads slowly outwards. At first the new cells 
resemble the normal reticularis cells of the male; they are similar in size to 
those of the zona fasoioulata, but distinguishable by their darker staining 
cytoplasm and freedom from fat. The growing X zone forms a well-marked 
fat and lipoid-free area round the medulla; cell division is aocompanied by a 
decrease in the size of the cells. In animals castrated after sexual maturity 
growth in the adrenal cortex appears to cease before the condition characteristic 
of the young female is reached. No further growth was found between 5 and 
8 weeks after the operation, though the X zone was then neither as large nor 
as distinct as the one developing after castration in younger males. 

Probably owing to the slow rate of growth mitoses are not common in any 
of the material examined, but some can be found in the developing X zone ; 
in the same region some of the gland cells have constricted nuclei, suggestive 
of amitosis or of nuclear activity; these cells show no signs of degeneration. 

Cortical hypertrophy of the adrenal following castration has been previously 
observed by Altenburger (1), Masui and Tamura (20) and Miller (21) m the 
mouse. 

Ovariotomy .—As reported by previous workers (20, 21), ovariotomy seems 
to be without effect on the adrenal. Five mature mice were ovariotomised and 
the adrenals examined 16 and 30 weeks after the operation. After 16 weeks 
partial degeneration of the X zone had taken place, and after 30 weeks degenera¬ 
tion was complete. 

In five other females the ovaries were removed at 24 dayB old , subsequent 
examination of the glands at intervals of 2, 4 and 12 weeks later showed that 
they had developed normally, and contained the usual large X zone. It 
follows that the growth and differentiation of the female gland is not dependent 
on the presence of the ovary. 

VI.— Dtscusnon of Histological Changes. 

The significance of the degeneration occurring in the adrenal cortex of the 
mouse is unknown, but there can be no doubt that it is an entirely normal 
process often aocompanied by hyperamia. The latter appearance m the 
adrenal is constantly referred to as an indication of a pathological condition, 
but it may merely be associated with a phase of the life-history, or with the 
normal functioning of the gland. The fact that healthy mice, kept as far as 
possible under uniform conditions, may show considerable variation in the 
structure of the cortex, needs to be remembered in connection with experi¬ 
mental work on the glands of these animals. 
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The theory has been advanced by a number of writers (10, 11) that odl 
division in the adrenal only takes place in the outer layers of the cortex; 
there is held to be a constant inward movement of the oeUa, whioh eventually 
degenerate in the sons reticularis. Although a large amount of material has 
been examined in the course of this work, no evidence has been obtained 
in support of the theory, and oertain observations imply that it is 
incorrect. Growth in the cortex of the male after oastration, which is 
similar to normal growth in the female, appears to take place in the area round 
the medulla; an outwardly spreading undegenerate rone arises, containing 
mitoses, differentiated by its cell inclusions from the zona fasciculate. A 
somewhat similar zone may also develop in the female, after the original X 
zone has disappeared; this is transitory, but certainly not degenerate when 
first formed (fig. 17). Mitoses are rare in the adrenals of mice, except during 
their early development; figures suggestive of amitosis can be found, but 
these may merely indicate nuclear activity. 

The Adrenals of other Mammals .—It is well known from the work of Armour 
and Elliott (2), Kern (16), Lewis and Pappenheimer (19) that a large part of 
the human adrenal degenerates shortly after birth. The developmental and 
post-natal changes have more recently been investigated by Keene and Hewer 
(15). Of the writers cited above, Kern gives the most detailed account of the 
histology of degeneration; except for the larger size of the degenerating cells 
in the human infant, the process there seems to be very similar to the degenera¬ 
tion in the cortex of the female mouse. It is interesting to note that, in both 
types of adrenal, degeneration is accompanied by the formation of a fibrous 
band round the medulla, at first fairly thick, but later becoming reduced and 
finally disappearing. 

In connection with this point the glands of a number of other mammals 
were examined, and the following table summarises approximately observa¬ 
tions on the presence or absence of fibrous tissue (F.T.) in the zona 
reticularis. 
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Table V 


Anunsl 

P T Absent or 
scant y 

fUt 

1? 4<J 

Rabbit 

3? «<J 

Guom vug 


at 

1* 

Dog 

— 

Goat 

1* 

Ox or cow 

— 

PrtmaUs 


Macaco* 

_. 

Ooroojnthooiu 

— 

Cebu* 

— 


FT dlffuM 

3? T forme complete 
medullary band 

89 4<y 


8 V 2<J 2* 


—- 

i? 

1* 

ij 

1? 1* 

19 13 

1* 




— 


1* 



* Particulars of the sex of the animals were lacking in some eases 


It will be seen from the above table that considerable variation exiBts m 
the amount of fibrous reticular tissue present in the innt r cortical zone of the 
mammalian adrenal There are indications that in mammals generally an 
increase in the fibrous tissue round the medulla is associated with a degenera 
tion of cortical colls (cf Guioysse (8)) which takes place to an appreciable 
extent in the course of the normal life history 

It has been shown (19) that the fibrous tissue formed dunng cortical degenera 
tion in the human adrenal later undergoes partial or complete absorption so 
that its absence from an adult gland cannot by itself be considered an mdica 
tion that degeneration has not occurred In some animals such as the rat 
where cell degeneration in the zona reticularis is believed to be gradual (12) 
diffuse fibrous tissue is not uncommon in that region m none of the rat glands 
examined however was there a well marked fibrous band round the medulla 
such aB develops m the mouse after complete degeneration of the X zone 
Thu was also true of the rabbit adrenals which showed considerable variation 
among themselves as to the amount of fibrous tissue formed in the zona 
reticularis In the cat dog guinea pig and some Primates hbrous tissue may 
develop to a conspicuous extent and form a complete medullary sheath 
Pregnancy and Cortical Degeneration—The adrenal cortex is commonly 
believed to undergo changes during pregnanoy Watrin (26) assumes adrenal 
hypertrophy m the rabbit during prt gnancy Kolmer(17) and GuieyBse(8) 

have described histological changes during pregnancy m the guinea pig 
indudmg vaouolation of cells and changes m the zona reticularis Donaldson (6) 
found no significant ohange in the weight of rat adrenals in the course of 
vol cm —b 3 p 
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pregnancy. During the present work, a gland was examined from a rat killed 
immediately after parturition; there was a large intact reticularis zone 
which showed no changes comparable to those in the pregnant mouse. 

This observation, together with those on the unmated female mouse, indicate 
that degenerative changes in the adrenal cortex are not specifically related 
to the pregnant condition, though they may be accelerated by the latter. 
Several male adrenals (other than those of mice) appear to Bhow similar 
changes. It may be assumed provisionally that degeneration sets in at a 
certain stage of development, which varies somewhat in relation to the age of 
the animal, and may differ in the two sexes. 

The appearance of the glands studied suggests that once the zona reticularis 
has degenerated in the young animal, the new inner zone, or adult zona 
reticularis, is commonly smaller and less distinct. It may also differ from 
the earlier one in its cell contents. It is hoped to make a further study of the 
appearance of the adrenal cortex at various ages and also during pregnancy 
in different mammals, as a prdiminaiy to investigating experimentally indnoed 
changes in the gland. 

VII .—The Effect of Double Adrenalectomy on the (Estroua Cycle and Breeding. 

Most mammals fail to survive double adrenalectomy, but a large proportion 
of rats and mice appear to live indefinitely after the operation. It has been 
stated that this is because they possess accessory nodules of the cortical tissue, 
which is believed to be essential to life ; these escape the operation, and may 
be present m sufficient quantity to compensate for the loss of the main glands. 
Jafie (14) and Stewart (24) have recently reviewed the whole problem of 
survival after adrenalectomy, and their papers should be consulted for detailed 
information. 

Adrenalectomiscd rats are said by Jaffe (13) to fall into three classes: (1) 
those dying soon after the operation, in which autopsy reveals little or no 
accessory cortex ; (2) those dying some considerable time after the operation 
(up to five months), in which accessory tissue is absent or hypotrophic ; and 
(3) those living indefinitely after the operation, which have relatively large 
amounts of healthy accessory cortex. The proportion of animals in each 
class may vary with the technique of the operation and the subsequent 
environment. 

Stewart (24) considers that the whole question of accessory cortex needs 
further investigation. The present writer has found no satisfactory records 
of the presence of accessory cortex in mice; the latter show a gradation in the 
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length of survival after double adrenalectomy similar to that observed m 
rats (4), but a higher percentage of mice Burvive indefinitely 

Reproduction after adrenalectomy may be dependent on the functioning of 
aooessory bodies where the latter are normally present and hypertrophic 
after the adrenals are removed they may be assumed to neutralise the physio 
logical effects of the loss of the glands, in animals surviving sufficiently long 
Under these circumstances there is no n ason why the ability of the animals 
to breed should bo affected 

Normal breeding after adrenalectomy has already be< n lcported m rats (18) 
Rogoff and Stewart (23) found that pregnancy was net disturbed bv adrenal 
ectomy in dogs the survival period was actually lengthened Corey (3) 
however found that pregnancy and lactation did not aff it the short survival 
period in adrenaleotomised cats 

The present data available for mice include (1) length of the ocstrous oycle 
m the female (2) incidence of pn gnancy size of litter etc (3) fertility of 
the male Data on the oostrous cycle in the rat after double adrenalectomy 
are given in Table VI 


Table VI Length of CEstrous Cycle 


Hat 


M K 


Number of cycle* observed before opeiftt i 
Average length n days 
Probable error 

Number of oyolea obseivod after ope rat u 
Average length in dayu 
Probable error 
Difference in cycle length 
Probable error of difference 
Difference probal lc o ror 


84 
0 15 
34 

12 
0 34 
1 ~8 
0 37 
3 4b 


35 

5 12 
0 20 
4 3 
0 28 
0 10 
1 16 
0 27 
4 26 


Table V indicates that the oestr ius cycle aft<r adrenalectomy is about one 
’ day longer than before the operation th< lifferenre tending to le statistically 
significant It is hard to attach any defin to biological meaning to this sbghtly 
longer cycle 

Fertility of Females —h ive fitters have been produced from vdrenalec tomiscd 
females mated with normal males details are given in Table VII The average 
size of the Utters is small but alreual removal is dearly no liar to normal 
gestation 


2 p 2 
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Table Vn 


No of female 

Interval between parturition 
and removal of eeoond 
gland 

Bias of 

Sex of Utter 

litter 

Male 

. 

Female 

)BM l 

Days 

43 

2 

Still bom 

)BM 3 

67 

1 

Still bom 

IBM 11 

20 

6 

2 

4 

IBM 18 

22 

4 

2 

2 

IBM 18 

64 

3 

2 

I 


fertility of Males —Double adrenalectomy was performed on 5 males of 
which SM 2 and 3 died 7 and 8 days after the operation and in consequence 
had httle chance to breed The other 3 males proved fertile when mated with 
normal females Details in Table VIII 

Table VIII 


No of male 

Interval between buth 
and renun al of second 
gland 

Siro of 

Bex of Utter 

litter 

Male 

Female 

SM 1 

Days 

26 

3 

0 

3 

SMI 

32 

0 

3 

3 

SM 4 

31 

b 

Still 

boin 

SM 4 

2b 

2 

1 

I 

SM 6 

34 

4 

2 

2 


_ 



_ 


SM 1 4 and 6 were killed about 6 woeks after the second operation a post 
mortem examination was made m the hopes of finding accessory adrenal bodies 
Only one was found this was in SM 4 m the neighbourhood of the right 
kidney It was fixed m Ciaccio s bichromate formol acetic sectioned and 
stained with Ehrlich s hsematoxyhn and Sudan III Examination showed 
the presence of an irregular mass of chromophil tissue but no cortical tissue 
This accessory body had a diameter of 1 mm and was 0 6 mm thick when 
sectioned 

Summary 

(1) The histological difference between the adrenals of male and female 
mice reported by previous writers has been further investigated 
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(2) At three weeks old the adrenals are alike in the two sexes; an inner dark 
staining cortical zone can be distinguished. 

(3) Growth of this zone ceases in the male before five weeks old; a small 
amount of degeneration takes place, and fibrous reticular tissue develops 
round the medulla. 

(4) In the female this zone continues to grow until puberty; it then occupies 
more than half the cortex. Later it degenerates Blowly in the unmated animal, 
and normally disappears before the end of the reproductive period. The reduc¬ 
tion of this zone is accompanied by a proliferation of fibroiu tissue in the Bame 
region which persists after total degeneration has taken place. 

(5) No correlation has been found between histological changes in the 
gland of the unmated mouse and the oestrous cycle. 

(6) Complete degeneration of the inner zone of the cortex takes place between 
the seventh and twelfth days of pregnancy; the histological changes occur 
more rapidly than those in the gland of the unmated female, but are otherwise 
identical with them. 

(7) A new inner zone may arise later in the cortex , this, though similar to 
the earlier one is distinguishable from it, but is also of a transitory character. 

(8) The effect of castration on the adrenal is to cause the growth of an inner 
cortical zone of the female type. 

(9) Ovariotomy appears to have no effect on the adrenal. 

(10) The histology of the adrenals in mice is discussed in relation to that 
of man and other mammals. 

(11) Double adrenalectomy was performed on a number of male and female 
mice which bred normally after the operation. It was found that the oestrous 
cycle was slightly lengthened in unmated adrenalectomised females, but other* 
wise normal. 

I wish to express my thanks to Prof. J. P. Hill, F.R.8., for his interest in 
this work, which was done in the Department of Anatomy at University 
College, London. 
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DESCRIPTION OF PLATES. 

Abbreviations. 

ft.v., blood vessel; cap., capillary; fibrous reticular tissue; m., medullary cells ; 
vac., vacuole*; z.g. 9 cells of zona glotneruloea; z /., cells of zona fasciculata ; z.r., cells 
of zona retioularis; z.X,, colls of X zone; z.X.d ,, degenerated X zone; z.z., inner cortical 
zone of young mouse. 

The mlorophotographs are tho work of Mr. F. J. Pittock. Figs. 1-7 inclusive show 
horizontal sections through mouse adrenals, and the remaining figures represent parts 
of similar sections at a higher magnification. Unless it is otherwise stated, the photographs 
are from sections approximately through the middle of the gland. The amounts of oortex 
shown in figs. 8-17, however, cannot be strictly compared, since the thickness of the oortex 
vanes in different parts of the adrenal. All photographs except fig. 9 are from glands 
fixed in Bouin. A portion of the medulla is shown at the base of all high power photo¬ 
graphs. 

Plats 11. 

Fig. 1.—Section through adrenal of 19 days’ male, showing dark inner cortical zone, inter¬ 
locking with tho medulla which is lighter staining. (Ehrlich’s hematoxylin and 
Paaini. X 70.) 

Fig. 2.—Section through a largo adrenal from a 12 weeks’ male, showing fibrous band 
round the medulla, and a small area adjacent to it, grading into the rest of the oortex, 
but more darkly stained. (Ehrlich’s hematoxylin and Pasmi. X 40.) 

Fio. 3.—Section through adrenal of a 12 weeks’ old unmated female, showing the largo 
darkly stained X zone, and groups of oells belonging to it lying free in the medulla. 
Note the absence of fibrous tissue round the medulla. (Ehrlich's hematoxylin and 
Pasini. x 40.) 

Fig. 4.—Section through adrenal of a 13 weeks* old castrated male, 10 weeks after 
operation. 'The gland is of the female type shown in fig. 3. (Iron hematoxylin and 
Van Gieson. X 40.) 

Plats 12. 

Fxg. 5.—Section through the gland of an unmated fomale after degeneration of the X zone ; 
note fibrous band separating medulla from cortex. (Iron hematoxylin and Van 
Qieson. X 40.) 

Fig. 6,—Section through right adrenal of female SCM 4, showing tho zona retioulans 
which ho* arisen round tho fibrous remains of tho degenerated X zone. The section 
lioe to the outside of tho median plane of tho gland. (Ehrlich's hematoxylin and 
Paaini. X 40.) 

Fro. 7.—Section through the right gland of SCM 15, which shows some hypertrophy; the 
left gland was removed 7 weeks earlier. Description as that of fig. 0. (X 40.) 

Plats 13. 

Fig. 8.—Section through adrenal of 33 days' malo showing fibrous tissue developing round 
the medulla and degenerating cells in the medullary blood vessel. (Ehrlich's 
hematoxylin and Pasini. X 200.) 
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Ite 9 —Section through luge kdimi o( 9 weeks’ nb showing s «d darvoloptit MkV 
zetfodari* The section bee to (hi outside of the msdlsa plane of the glan d , la Mdit 
to show the rotioulate arrangement of the oelle next the medulla (Fixation lnFlem* 
ming osmloated fats mostly dneolved by xylol, stained iron hmnatoxylla and Tfg 
Qieson X 200) 

Fio 10 —Section through adrenal of adult male 5 weeks after oastration showing tone a! 
small darkly stained oells which is forming next the medulla (Iron hmnatoxylin 
and Van Gieson X 200 ) 

Plats 14 

Fio 11 —Section through adrenal of nnmated female OBM 2 showing large hypewetme 
X sons (Ehrlich s hematoxylin and eosin X 200) 

Fio 12 —Section through left gland of female SCM 7 removed before the animal was 
mated Note partial degeneration of the X sone inchoated by the crowding of tin 
outer oells and the development of fibrous reticular tissue The Inner part of the X 
■one u still intaot and shows a reticulate structure (Ehrlioh a hismatoxyiin and 

Pssuu x 200) 

Fio 13 —Section through the adrenal of unmatsd female OBM 3 showing a later stags Of 
degeneration of the X zone which has beoome smaller and lees distinct Hypemmia 
is apparent and large vacuoles oan be seen next the medulla (Iron hismatoxyiin 
and Van Gieson x 200) 

Plat* 15 

Fio 14 —Seotion through the adrenal of nnmated female SCM 19 showing extensive 
vacuolation of the X zone which has undergone little redaction In sue, at the bese 
of the figure darkly stained cortioal oells oan be seen projecting Into the medulla. 
(Ehrlich s hematoxylin and Pacini x 200 ) 

ha 15 — Hnntton through +■*>« adfona.1 ct wnmatad faiiwU <VRM IK altar degeneration of tha 
X zone note development of fibrous retioular tissue round the medulla (Iron 
hmnatoxylin and Van Gieoon x 200) 

Fiq 16 —Seotion through right adrenal of SCM 7 obtained when the moose was 13 days 
pregnant note replacement of the X zone seen in fig 12 (SCM 7 left adrenal) by a 
small area oontaimng fibrous retioular tissue blood corpuscles and dege ne rating oells 
(Ehrlich ■ hmnatoxylin and eosin X 200 ) 

Fio 17 —Seotion through right adrenal of SCM 4 4 weeks after the removal of the left 
gland note development of the zona reticularis above the fibrous remains of Me 
degenerated X sone This is the gland shown in fig 6 but under higher magnification. 
(Ehrlioh i hmnatoxylin and eoein X 200) 
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Mgpermkntt on the Physiology and Oenehce of the Smut Fungi 
Cultural Characters Part I— Their Permanence and 
Segregation. 

By Sydney Dickinson, University College, Cardiff 
(C ommunic ated by Prof V H Blackman, P R S —Received Jane 14,1928) 

[Plat* 16] 

1 Introduction 

For some tune the permanence of the characters of fungi when grown on 
artificial media has been the subject of research and considerable discussion 
has taken place on the origin of new forms (saltation) Many types have been 
studied bat there has been no case as yet in which the characters of the parent 
organisms or of the saltants have been shown to be inherited m a fashion 
Similar to those of the higher plants and animals 
The investigation, the results of which are being published under the above 
general heading, was begun m 1926, and bad as its objects (a) the solution of 
the question whether any cultural characters found were inherited along 
Mendelian lines, and ( b ) the breeding of certain strains for use in physiological 
e xper im ents The organisms used were the Covered Smut of Oats (Utbiago 
lent. Sell et Sw) and the Covered Smut of Barley (Udilago hordei, Pern) 
Certain cultural characters have been determined and experiments have been 
made which suggest that suoh characters are inherited m a Mendelian fashion 
The first part of this evidence will be given here namely evidence which sug¬ 
gests that the cytoplasm has no determining influenoe on these characters, 
evidence which shows that the characters of the strains have remained con¬ 
stant during the progress of the investigation, and, lastly evidence from which 
it may be deduced that the segregation of these characters may occur m either 
of the "redaction divisions." 

Previous workers (1, 2, 3) have shown that the Chlamydospore (masses of 
which in the form of a dark brown powder replaoe the gram of the mature 
plant) is uninucleate, and that on germination a pcomyoehnm is formed into 
which the nucleus parses The reduction divisions of the nucleus follow, giving 
nee to four nuclei, which ere distributed in a row along the pcomyoehmn 
Cross walls then divide the promyoekum into four segments, and because no 
crossing over or prig of these nuclei has been observed, Kmep (4) has 
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concluded that the nuclei are arranged m the segments in the order of their 
formation Each segment of the promycelium then proceeds to form spondia 
or hypheB according to the conditions each of which is uninucleate As 
described m a previous paper (5) the strains used m these experiments were 
obtained by the isolation and subsequent growth of such spondia The 
nf xt stage is the infection of the host plant and this is only achieved (6) by 
hyph® which arise from the umqn of spondia (or cells formed from them) of 
different gender (sex) Eventually the chlamydospores formed by the resul 
tant bi nucleate mycelium replace the flower and gram of the host plant 
Thus it may be inf ired that the cultures arising from the experimentally 
isolated spondia are uninucleate and should be haploid 

Both Reed (7) and Sampson (8) have shown the presence of physiologic 
races in the Covered and Loose Smuts of Oats by expeuments on their 
caj acity for uijeotion While Christensen and Stakman(9) have desenbed 
what may bo cases of saltation in the Maize Smut but as the cultures did 
not arise from uninucleate cells they must remain under suspicion 

Numerous cases of saltation have been desenbed both in the fungi [eg 
Helminthosporium Stevens (10) ] and m Bacteria [e g Dobell (11) ] Brown 
(12) has shown that the tendency of certain strains of Fusanum to saltate is 
a function of the medium and found that it occurred frequently on a nch 
medium such as that of Richards and only rarely on a weak glucose asparagm 
mineral salts medium On the latter medium the individuality of all strains 
was easily preserved It must bo remembered that he was dealing with a 
multi nucleate type whose complete life history (nuclear) is not known 

Newton (13) has shown that in Copnnus laqopus sex is determined by two 
Mendelian factors which are earned by two different chromosomes and that 
the segregat^n of these sex factors may take place in either of the two divisions 
of the fusion nucleus 

2 1Methods 

The methods employed were those usual m culture medium work For all 
experiments concerned with cultural characters the basic medium used was 
1 gm KHPO | gm MgSO £ gm KOI 1 5 gm agar and a litre of distilled 
water To this were added maltose and urea It was found that the most 
suitable ratio of the molecular concentrations of maltose and urea (symbol 
C/N) was 8 with a concentration of maltose of 0 0156 molar In all expen 
meats to determine the constancy of the characters in the strains concerned, 
this ratio and concentration have been employed The pH of this medium 
(the agar being liquefied) was approximately pH 5 8 and the alteration due 
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to sterilisation in an autoolave has never exceeded pH. 0 2 That sterilisation 
does not affect this medium appreciably was shown by the test of comparison 
of growth on a batch of the medium made up by adding the other 
constituents, without sterilisation, to the previously sterilised agar, with 
growth on another batch on the medium made up m the usual way No 
difference of growth was discernible Tho total H ion concentration range 
explored was from pH 4 4 to pH 9 6 The determinations were made with 
a Hellige comparator, and the pH was always adjusted after sterilisation 

As described in the previous article (5), the strains are for research purposes 
numbered according to the position on the promycelium of the segments from 
which they arise, the apical one being called /l, the penultimate one /2, and 
so on The four strains isolated from one promycelium are kept as one group, 
and numbered for example Z2/1, Z2/2, Z2/3, Z2/4 The Btoek cultures of 
these strains were kept on tube slants on a medium of 1 per cent Lemco beef 
extract agar, and subcultunng was normally carried out once a week. In all 
petri dish experiments tho parent cultures used were between a week and two 
weeks old 

The temperature was that of the room experience having shown that within 
this range the variation of colony type was not significant Contamination 
was normally under 3 per cent No experiment was repeated less than three 
times and the number of replicate dishes varied from 4 to 16 in critical oases 
The methods used for isolation and cytological examination have already been 
described (5, 14) 

3 Cultural Characters 

As an example of the type of characters which these strains show m culture, 
reference may be made to Plate 16 which contains photographs of cultures 
from two sots of four strains, isolated pieviously described The parentage 
of the chlamydospores from which these strains were derived will be dealt 
with in the second part of this papei The characters which can be seen 
in such photographs are (1) the corrugation or depression at the centre of the 
colony, and (2) the amount of growth In tho photographs in the Plate 
two of the strains m set Z/- show the character of corrugation and two show 
that of depression at the centre of the culture In the set 52/- tao of the 
strams show a greater growth than the other two—the segregation is therefore, 
on a two and two basis This is not always the case, however, sometimes a 
3 1 basis is obtained, and sometimes all four strains are the same, for 
example, see the character, centre of the colony m set Z/l and Z/3 in 
Table HI 
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4 Permanence 

While it is now generally conceded that the seat of the genes determining 
the characters of an organism lies in the nucleus, yet m view of the perplexing 
nature of the occurrence of saltation in lower organisms it is thought advisable 
to give some evidence which strongly suggests that the cytoplasm has no 
determining influence on the characters dealt with in this paper 

This evidence was the result of an observation described in a previous 
paper (5) Here it was shown that by appropriate treatment a “ fusion ” 
hyphffl is formed after the conjugation of two hyphn of different gender 
It was shown further that in such hyphffl the nudei he side by side, 
and that the two cytoplasms wore to all appearances completely mixed 
Further, that uninucleate comdia and hyphffl arose from these fusion hyphn 
and that these offspring hyphffl had the same gender behaviour as the parent 
hyphffl From a number of fusion hyphffl formed from different parent 
hyphffl, the offspring hyphffl or comdia have been isolated and grown Parallel 
cultures have been set up of the parent strains and the offspring In all some 
16 experiments have been set up involving some 800 cultures, and m no ease 
in any of the characters described m this paper has any significant distinction 
been found between the parent strains and the offspring 
While this offers no direct proof that the part of the cell concerned in the 
determination of these characters is the nucleus, it provides conclusive evidence 
that the influence of the cytoplasm on these particular characters is not of a 
determinate nature There is some slight evidence that, m some characters 
at least, the cytoplasm may have an influence, and until convincing proof of 
thiB or the contrary is obtained, such characters arc not being used for any 
of the deductions from the experiments reported in this paper 
As described m a previous section of this paper the strains used are uni¬ 
nucleate and are produced by the divisions following the reduction divisions 
Before describing any results on the segregation of the cultural characters in 
the reduction divisions it is necessary to show that segregation has not occurred 
in any other division of the nucleus under the conditions in which the stock 
cultures are kept, and the characters of the strains determined 
Saltants are, as previously mentioned, a well known occurrence in the 
fungi, and if Christensen and Stakman’s (9) results are correctly interpreted 
Smuts are no exception But as regards the strains employed m this work, 
while no change has as yet been observed under the given conditions, which 
can be definitely interpreted as saltation, an appearance similar to saltation 
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has been obtained when a bi-nucleate cell was used as the origin of a culture, 
an appearance which was shown to be due to the separation of uninucleate 
oolonies with the characters of the parent cells from the bi-nucleate parent 
(see reference in (5) to culture No. 39). While some work has been done and 
is being continued under conditions similar to those suggested by Brown’s 
work on Ftuarium (12), the results are as yet indeterminate. 

That segregation does not occur under the conditions in which the stock 
cultures are kept, or under the conditions in which the cultural characters have 
been determined, is shown by the results of the following experiments. From 
the set of four strains 52/1-4 isolated in November, 1925, petri dish cultures were 
set up in the following January and examined after two months. The medium 
employed was 1 * 5 Lemco beef extract agar. The results showed that strains 
52/1, 3 were hyphal and spreading in growth and 52/2, 4 were conidial and 
compact in growth. This experiment was repeated in January, 1928, and a 
similar result recorded. A repetition of the experiment illustrated in Plate 16 
wob made a year later and a similar result obtained. It must be noted that 
between these dates the stock cultures have repeatedly been started from 
single spore isolations. 

To determine whether segregation under the conditions of germination was 
or was not complete m the promycelium, a number of the successive sporidia 
formed by each segment of the promycelium were isolated, and it was found 
that in every case the cultures arising from the sporidia formed by the same 
segment of any one promycelium were the same. 

From these sets of experiments it is concluded that (1) under the conditions 
of germination, and (2) under the conditions in which the stock cultures are 
kept, and (3) under the conditions m which the characters ore determined, 
segregation only occurs in the three nuclear divisions preceding wall forma¬ 
tion in the promycelium. 

That the strains used in this work are not artificial is shown by the fact that 
the experiments on infection described in a previous paper (6) were carried 
out with the strains 52/l—4, and that these were shown to be. capable of causing 
a 91 per cont. infection. 

5. Segregation. 

It has already been mentioned that Knicp (4) after a study of the gender, 
behaviour, came to the conclusion that segregation occurs in the two parallel 
divisions in the promycelium. At the start of this work a number of experi¬ 
ments were made on the distribution of sox or gender in the promycelium. 
The results showed that Kniep’s conclusion was only partially correct, but, 
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taken by themselves, these results did not yield sufficiently dear conclusions 
to justify publication at that time. 

The method of testing the gender reactions has already been described (0), 
and using this the reactions of some 90 sets of four have been analysed under 
certain known conditions of germination. It has previously been pointed out 
that m any set of four, two are always of one gender and two of another, and 
such being the case the possible distribution of these in the segments of the 
promycelium are as follows :— 

Table I. 


No. of wgmont. 

Type No. 1. 

Type No. 2, 

Type No. 3. 

1 

A B 

A B 

A B 

2 

A B 

B A 

B A 

3 

B A 

A B 

B A 

4 

B A 

B A 

A B 


Since in no case has any observer shown that crossing or passing of the 
nuclei takes place in the promyceliura, and because the ratio of the genders 
is 2/2, then if segregation took place in the first division the only possible 
arrangement would be type No. 1 and its reciprocal as in the table. If segre¬ 
gation took place in the two parallel divisions of the promyceltum then the 
arrangements types Nos. 2, 3 and their reciprocals would be obtained. If 
there were any sex polarity m the nuclei, then only one of the reciprocal pairs 
would be obtained. 

The results of some 22 sets of four are shown in Table II. The origin of the 
chlamydospores was the same host plant, and the germination conditions 
were also the same. One gender is called A, the other B, following Kniep’s 
example (4). The criterion for A or B is strictly arbitrary. As a standard of 
reference the gender of culture CSOE 52/1 is being oalled A. 


Table II. 


Possible arrangement of gen¬ 
der* on promycchum 

AABB 

BBAA # 

A BAB 

BABA 

ABBA 

BAAB 

No. of promycelia obtained 

3 

5 

6 

2 

3 

8 


From this table it may be seen that all arrangements are found; in addition 
it can be stated that there is no sex polarity because the ratio of the occurrence 
of A in the terminal position to B in the terminal position is 12/10. 









Physiology and Genetics qf Smut Fungi. 553 

When a similar analysis of the cultural characters is made, it is again found 
that all arrangements occur (see Table III). Not only do all arrangements 
oocur but they may all occur in the four strains from one promycelium, that 
is in the same set of four strains. 


Table III. 


Strain. 

Gender 

Colour. 

Centre of 
colony. 

Growth at 
pH 5*4 

Growth at 
pH 8. 

02/1 

A 

Cream 

Depraved 

2 

2 

02/2 

B 

Cream 

Corrugated 

i i 

1 

52/3 

A 

Brown 

Corrugated 

1 

2 

52/4 

B 

Brown 

Corrugated 

2 

1 

Z/l 

A 

1 Cream 

Depraved 

2 

2 

Z/2 

B 1 

Brown 

Corrugated 

2 

1 

Z/3 

B ! 

Brown 

Corrugated 

2 

1 

Z/4 

A | 

Cream 

Depraved 

2 

2 

Zl/1 

A 

Yellow 

I Depraved 

2 

2 

Zl/2 

B 

Yellow i 

Depraved 

2 

2 

Zl/3 

B 

Yellow 

, Depraved 

2 

1 

Zl/4 

A 

Yellow 

i Depraved 

2 

1 

2211 

A 

Brown 

Corrugated 

2 

1 

Z2/2 

A 

1 Cream 

Depraved 

2 

2 

Z2/3 

B 

Crram 

Corrugated 

2 

1 

Z2/4 

B ! 

Brown 

Depraved 

2 

2 

Z3/1 

A 

Cream 

Depraved 

2 

2 

Z3/2 

B 

; Brown 

Depraved 

2 

2 

Z3/3 

A 

Cream 

Depraved 

2 

l 

Z3/4 

B 

Brown 

Corrugated 

2 

l 

1 


An example of this is seen in Z2/-. Here the gender distribution is typo No. 1, 
the form of the centre of colony is distributed accord ng to type No. 2, and the 
colour of colony distributed according to type No. 3. The segregation ratios 
of 3/1 and 4/0 are given to complete tho table, and their presence is that 
which would be expected if these characters were inherited along Mendelian 
lines. 

Although the presence of chromosomes has not yet been established in these 
organisms, the evidence would appear to justify the conclusion that the 
segregation of the cultural characters may take place in either of the two 
reduction divisions. It has not yet been determined that the segregation of 
any one character is not irrespective of what happens to any other character, 
but if this should occur it is probably a parallel behaviour to that of linkage 
as found in the higher plants and animals. 
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It would not be proper to discuss these experiments at this stage, foe 4s 
already stated the concluding evidence that these cultural characters an? 
inherited along Mendelian lines will be given in the second part of this article 
In the introduction, Miss Newton’s (13) conclusion that the segregation of 
the sex factors, earned in different chromosomes, took place in either of the 
two divisions of the fusion nucleus was mentioned In addition a similar 
observation has been made by Wennoh (10) who showed by cytologioal methods 
that in the spermatogenesis of PhrynoteUix chromosome ‘ C” may divide 
reduotionally in either of the two maturation divisions Thus it is seen that 
the deduction put forward here is paralleled by a similar behaviour both m 
organisms nearly related to the Smuts and in widely different organisms 
The significance of this as yet apparently haphazard segregation seems likely 
from other experiments to be of considerable importance and it will be 
returned to m a later paper 

The earlier experiments hero described were earned out in the Department 
of Mycology, Rothamsted Experimental Station, Harpenden, Herts with the 
aid of a grant from the Ministry of Agriculture and Fisheries, to whom thanks 
are due 

Summary 

The Smuts Fungus used in the experiments described here is the Covered 
Smut of Oats (UstHago lent) After isolating a chlamydospore and allowing 
it to germinate on a suitable medium, the first spondium formed by each of 
the four segments of its promycelium was isolated transferred to test tube 
slopes and allowed to develop in culture Four cultures of strains were In 
this way obtained from one chlamydospore This has been repeated with a 
number of ohlamydospores of known parentage 
The strain obtained from any one of these isolated sporidia was found to 
differ in one or more cultural characters from the other three strains arising 
from the same chlamydospore A brief description of certain of these cultural 
characters is given 

The segregation of these cultural characters was found to be on a 2 2, 
3 1 and 4 0 basis It is deduced that this segregation may take plaoe m 
either the first or the second of the ‘ reduction divisions ” So far the segrega¬ 
tion of any one character was found to be independent of that of any other 
No conclusive evidenoe of somatic segregation has up to the present been 
obtained, the strains remaining constant during the time they have been in 
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otiftwc. Hw cytoplasm has been shown to have no determining influence 
on the cultnral oharaoten so far described. 

The concluding evidence that these characters are inherited in a Mendelian 
fashion will be given in the seoond part of this paper. 
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Hamolyns by Bnihant-Green and Serum 
By Eric Ponder 

(Communicated by Sir Edward Schafer, F R S —Received July 12, 1928 ) 
(From the Department of Biology New York University ) 

In earlier papers of this senes (1, 2) I have described the rapid luemolysis 
which results when small quantities of normal serum are added to systems 
containing sodium taurocholate or sodium glycocholate as lysine This 
obscure phenomenon depends entirely on the order m which the cells, the 
lysm and the serum are mixed If the lysin is added to the cells first and the 
serum added afterwards, the acceleration of haemolysis occurs in suitable 
cases, whereas if the serum is mixed with the cells first and the lyBin added 
afterwards, no acceleration but an inhibition of haemolysis, is the result 
The effect of the addition of serum is similar for all types of mammalian red 
cells The component of the serum which is responsible for the acceleration 
appears to be a protein, for either serum albumin serum globulin, or hemo 
globm can bring about the effect, although egg albumin and gelatin are in 
effective There is also some evidence that the acceleration on the addition 
of serum occurs with the lysins sodium oleate and potassium oleate, as well as 
with the bile salts (S) 

In 1914 Browning and Macleie (4) described an action which occurs m 
hemolytic systems containing red cells, serum, and brilliant green (tetra 
ethyl diamwo triphenyl methane sulphate) The addition of small quantities 
of serum to systems containing red cells sensitised with the dye results in a 
very rapid hcemolysis, if however the serum is mixed either with the dye 
itself before the cells are added, or with the cells before the dye is added, 
inhibition of the slow luemolysis which is produoed by the brilliant green 
occurs The acceleration is therefore dependent on the order m which the 
components of the system are mixed A further investigation of the problem 
will be found in a paper by Mackie (5), in which it is shown that the serum 
component responsible for the acceleration is a protein, and that each of the 
protein fractions produces an effect Egg albumin and gelatin do not bring 
about the acceleration Dobner’s violet, malachite green, ethyl violet, and 
methyl violet can be substituted for the brilliant green 

As will be seen from these two summaries, there is at least a superficial 
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resemblance between the acceleration produced by the addition of serum ta 
systems containing sodium taurocholate and the acceleration met with in 
cell—brilliant-green—serum systems As Mackie points out there is perhaps 
a further and more important resemblance between these systems and com 
plement ambooeptor systems for in each case the cells require to be sensitised 
before being affected by the lysin This paper is concerned with the quantitn 
tive investigation of the acceleration phenomena in cell—brilliant green— 
serum systems and with an endeavour to find an explanation for the effect 
of the dye in producing a sensitisation of the cells 

Material Used etc 

1 BnUiant Green I have not found all specimens of this dye to be equally 
effective as a component of the haemolytic systems Some specimens tested 
were found to be almost inactive little or no haemolysis occurring when serum 
was added to the cells sensitised by them m the manner to be described below 
Other samples were extremely satisfactory but the reason for the difference 
I have been unable to discover In order that the results might be as com 
parable as possible with those of Brow nrag and Mackie I have used in this 
investigation a specimen of brilliant green kindly supplied to me by Mackie 
himself and the same specimen as was used by him m his researches 

The dye is made up in a 0 1 per cent stock solut on in 0 80 per cent NaCI 
and kept m a Pyrex or Jena glass flask Ihis is a point of importance since 
alkali from the glass quickly alters the stability of the solution and produces 
at the same time an opalescence This opalescence disappears on the addition 
of a few drops of dilute acid After some time the colour of this stock solution 
fades and the sensitising power becomes simultaneously reduced the solution 
should accordingly be not more than about a week old 

2 CeU Suspensions —As in previous researches I use as an arbitrary 
standard a suspension of thrice washed cells from 1 c c of blood these celts 
being finally suspended in 20 c c of 0 85 per cent NaLl For a reason to be 
referred to below, it is essential that the washing of these cells be earned out 
very thoroughly, with large volumes of saline and that the cells be sensitised 
immediately after the preparation of the suspension 

The sensitisation of the suspension is carried out m the following manner — 
To 5 o o of the suspension is added brilliant green, in quantities between 1 c o 
and 0 1 o c of the stock solution and the mixture allowed to stand for a length 
of time between 5 minutes and 1 hour at a temperature the same as that at 
which the subsequent experiments are to be performed The cells aic then 

2 q 2 
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washed by repeated centrifuging until no dye remains in the supernatant fluid* 
and are then made up to the strength of the original suspension by the addition 
of 0 • 86 per cent. NaCI. The final suspension is very stable at ordinary tempera* 
tures, and shows neither the dusky colour whioh indicates the presence of 
brilliant-green nor spontaneous haemolysis. Occasionally,' and especially 
when high concentrations of the dye ore used for sensitising (more than 1 c.c. 
of the stock solution to 0 c.c. of suspension), some lysis ooours during the 
washing; such suspensions must always be discarded. More rarely, the 
brilliant-green in the supernatant fluid shows an opalescence, and it is well to 
discard these suspensions also, at least in cases where quantitative experi¬ 
ments are to be carried out. 

For a reason which will appear below, the cells must be sensitised at the same 
temperature at which the haemolytic experiments are carried out. This is au 
unfortunate necessity, for it means that the centrifuge itself must be brought 
to the same temperature as the water-tiaths in which the experiments Are 
performed, and that tins temperature must bo constant from day to day. 
1 have been able to carry out these investigations m a room heated to 25°, 
but the necessity for controlling the temperature may easily give rise to 
difficulties. 

3. Sera .—Kxcept where otherwise noted, the sera used in this investigation 
are derived from the same animal from which the cell suspensions are prepared. 
In this way fallacies which might arise from the action of the serum of one 
animal on the cells of another are avoided As a rule, the sera were separated 
ascptically and sealed into small sterile ampoules, a procedure which permits 
of the same serum being used several days in succession. Since scrum which 
shows any marked degree of opalescence is useless for quantitative work, it 
is as well to obtain the serum immediately before a meal, or m the early morn¬ 
ing. Plasma, obtained from oxalated blood, can be used in place of serum 
without any disadvantage. 

The Nature of the Sensitisation with Brilliant-Green. 

m 

The results of the investigations into the physical nature of the sensitisation 
process which occurs when brilliant-green is added to the cell suspension is 
best expressed as a series of conclusions, accompanied by brief descriptions 
of method, etc. 

(i) After the cells have been mixed with brilliant-green in suitable con¬ 
centration and the dye removed as completely as possible by repeated washing, 
the cells will bo found to have retained considerable quantities of the dye. 
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There if nothing in the appearance of the sensitised suspension to indicate 
the presence of this combined brilliant-green, for the sensitised suspension 
may have the same appearance ob a suspension of normal cellB ; large quantities 
of brilliant-green can be extracted, however, from the sensitised oells. 

The extraction is best carried out with either alcohol or acetone, both of 
which are solvents for the dye. To one volume of tho sensitised cell sus¬ 
pension are added two volumes of distilled water, and subsequently, when 
the oells are hnmolysed, five volumes of acetone or of absolute alcohol. The 
mixture is allowed to stand for some hours in stoppered vessels, and the 
concentration of dye in the clear fluid which overlies the haemoglobin precipitate 
is estimated colonmetrically. The quantities of dye recovered in a typical 
experiment are shown in the following table, but it is to be noted that these 
quantities are rather variable, even under apparently the same conditions:— 


Dyo unod for «cnsiti*ation. 


Quantity rroowred. 


iiiks 
l 0 
0 5 
0 3 
0 25 


mRK 

0 ttlO 
0-350 
O 275 
0 210 


It will be observed that a proportionately greater quantity of dye is recovered 
from the cells when 0*25 mg. is used for sensitisation than when 1 *0 mg. is 
used. I have several tunes attempted to show that the quantity of dye 
combined with the cells is related to the quuutity left free in the fluid, by an 
expression of the type of the adsorption isotherm, but am not satisfied 
upon thiB point. 

(li) The union between the dye and the sensitised cells is a loose one, for 
such a simple procedure as warming the suspension is sufficient to make the 
cells liberate bnlliant-green into the suspension medium. Suspensions which 
have been sensitised at 15° thus become dark after standing for a short time at 
28°, a nd if such a suspension is centrifuged the dye can be seen to be present 
m what was previously colourless saline. Warming the suspension to 37° 
liberates large quantities of dye, and the wanned suspensions take on a 
distinctly dusky tint. 

The fact that the union of the dye with the cells depends upon temperature 
in this manner makes it necessary that there shall be no temperature change 
between the time when the cells are sensitised by the addition of the brilliant- 
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green and the tune when the hemolysis experiments are completed, lor an y 
alteration m temperature will result m an alteration in the quantity of dye 
bound to the cells The sensituation the washings and the hemolytic 
experiments must therefore be earned out at constant temperature, as has 
already been mentioned 

( 111 ) The fact that the dye which is bound to the cells can be extracted with 
such solvents as alcohol and acetone and can be liberated by increasing the 
temperature suggests that the union between dve and cell is of the nature of 
an adsorption It is therefore not remarkable that the dye can be liberated 
from the sensitised cells by the addition of a surface active substance such as 
saponin The most instructive way of studying this liberation is to hemolyse 
the sensitised cells with two volumes of water and then to add a small quantity 
of saponm after hemolysis is complete The lysis by the water results m a 
red fluid which retains its colour indefinitely thus showing that the mere 
rupture of the cell is not sufficient to < auac the combined dye to be liberated 
The subsequent addition of the saponm however results in a rapid darkening 
of the red fluid which after some hours may appear almost black If this 
■dusky fluid is examined spectroscopically the characteristic band of brilliant 
green will be seen m the red Warming accelerates the bberation of the dye 
It is an interesting fact that the addition of sodium taurooholate does not 
cause this darkening to nearly the same extent as does the addition of saponm 

(iv) Quantitative experments show that the dye docs not unite with the 
cell membranes only but also with the conta ned hemogoblin This is readily 
demonstrated by hamolysing the cells with distilled water centrifuging off 
the ghosts and then warming the haemoglobin stained fluid adding saponin 
to it or extracting it with acetone In <ach ease dye is recovered m large 
quantities from the haemoglobin 

(v) The dye which has been extracted cither from a sensitised suspension 
or from the haemoglobin of such a suspension c an bi recovered from the acetone 
solution red ssolved in water recovered by evaporation redissolved m saline 
and used for the sensitisation of fresh ejells So far as 1 have been able to 
discover it is as effective in producing sensitisation as is fresh dye from which 
it may be concluded that the esse ntial properties of the brilliant green are not 
necessarily altered by its uniting with the cells of the sensitised suspension 
m the sense in which we have been considering the union 

(vi) Knowing that the brilliant green is combmed in a loose manner with the 
cell envelopes and with the contained hemoglobin I have endeavoured to 
show by spectroscopic means that it is present in the sensitised cells and by 
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using a microepectroscope with a special form of illumination have been 
able to photograph the spectrum produced by the single normal red cell and 
by the single sensitised red cell Both spectra show the bands of oxyhsamo 
globui but the absorption band produoed by brilliant green is absent altogether 
The presence of the dye in the sensitised cell is thus not demonstrable speotro 
soopically although as will be observed below the sensitised cells sometimes 
have a rather dusky appearance under the microscope The failure to demon 
strata the dye spectroscopically is not a very significant fact but it indicates 
that the brilliant green is not free within the cell and is in keeping with the 
idea of its being adsorbed to the cell proteins 
(vu) If the sensitised suspension is allowed to stand at a temperature of 
about 25° the quantity of dye which can be extracted from it will be found 
to become less as time goes on so that after from 12 to 18 hours scarcely any 
of it can be extracted with acetone or alcohol further neither warming nor 
the addition of saponin cause a darkening by liberating free dye At the same 
time, however there is no significant alteration in the effect of added serum 
upon the cells t e the disappearance of the brilliant green is not associated 
with a change in the sensitisation From this we may conclude that even m 
the freshly prepared suspension the sensitisation is not dependent solely on the 
presence of extractable brilliant green in the system but on some other 
oondition hitherto unmentioned 

(vm) This disappearance of the dye from the sensitised cell suspension is 
best studied by first considering the effect of the addition of serum or plasma 
to a dilute solution of brilliant green The addition of about 0 2 o o of serum 
to 5 o o of a 1 in 8000 solution of the dye is followed by an almost instant 
fading of colour this fading continuing more slowly until after some hours 
scarcely anv green colour remains A similar effeot although not so well 
marked is obtained if to the same concentration of dye is added about loo 
of saline derived from a red cell suspension which has stood for some hours 
and it may also be observed that the fluid removed from the cells by washing 
during the sensitisation process undergoes a progressive diminution in colour 
as time elapses This fading of colour is of course more marked when large 
quantities of serum are added to the solution of the dye and is most strikingly 
observed when the concentration of the dye is small 
(ix) There seems to be sufficient evidence for supposing that the fading of 
the colour is due to a reduction of the brilliant green to its leuoo base for the 
addition of a mild oxidising agent such as H a O a restores the green colour to 
the solutions from whioh it has been lost The means by whioh the reduction 
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ib brought about are obscure, but it may be suggested that it is accomplished 
through an interaction between the dye and either the ammo or the sulphur 
groups of the cell or serum proteins. 

(x) The fact that a cell suspension may show a high degree of sensitisation 
after all the bnlhant-green contained m it has been converted into the leuoo- 
base raises the question as to whether the leuoo base can itself produce sensitisa¬ 
tion In order to decide this question, I have prepared the leuco base from 
benzaldehyde and diethylamlme in the usual way, carefully purified it, and 
tested its effect on cell suspensions The substance is sufficiently soluble in 
saline to allow of its being added to cell suspensions in approximately the same 
concentration as that of the dye when used to produce sensitisation, and‘there 
is no doubt from these experiments that it is almost, if not qmte, as effective as 
is the dye itself The reduction of the dye to the leuco base is, therefore, not an 
essential part of the sensitisation process, for the sensitisation occurs when the 
leuco base itself is added 

Summarising these conclusions regarding the nature of the sensitisation 
process, it appears that the process is one in which either brilliant-green or its 
leuoo-base is adsorbed or otherwise combined with the proteins of the cell 
suspension. 

We may regard the essential process, however, as one in whioh the dye or 
its leuoo base is combined with some component or components of the cell 
membrane in particular, rather than as one in whioh it is combined with the 
cell proteins m general, and thus the question arises as to whether the com¬ 
bination referred to is a simple adsorption or a combination of a more per¬ 
manent and specific nature Taking a general view of the type of reaction 
which we are considering, it would appeal that the latter is the mor< probable, 
and this idea is borne out by at least two considerations In the first place, 
it is to be borne in mind that every substanoe which is known to sensitise red 
cells to the subsequent addition of serum (sodium taurocholate, sodium 
glycocholate, the soaps, the dyes allied to brilliant-green, and their leuco- 
basea) is itself a hemolysin if employed in sufficiently great concentration 
Thu hemolytic action is not the result of a mere adsorption, but u probably 
doe to the lysm forming with the proteins of the cell envelope a oompound 
which u more or less stable, and it u probable that the preliminary sensitising 
effect u due to much the same cause as is the hemolysis by the sensitising 
substance when present m great concentration In the seoond place, we have 
at least one piece of evidence to show that the sensitisation results m a definite 
change in the resistance of the cells, for such sensitised oells are about three 
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times as susceptible to the lytio action of acid. It is unlikely that such a 
change oould be brought about by the mere adsorption of the dye. 

It should be observed, however, that sensitised cells are not changed in 
resistance to saponin, and, as Mackie observes, there is no change in their 
resistance to alkalies 


The Kxnetxcs of the Jlcemolysxs 

"While it is an easy matter to observe in a quantitative way most of the 
p henome n a with which this paper is concerned it is by no means easy to obtain 
strictly quantitative results The principal difficulties are associated with 
the sensitisation process, and may be considered under three heads 

( 1 ) In certain cases the addition of brilliant green to the cell suspension does 
not result in a complete sensitisation, as is shown by the fact that the further 
addition of serum, even in large quantities, does not bring about more than a 
partial hmmolysis A suspension so sensitised is of course, impossible to work 
with in the usual way, for end points corresponding to complete hmmolysiB 
are never arrived at This incomplete sensitisation seems to occur particularly 
when the cells of the rabbit arc used, and depends not merely on the quantity 
of dye used for the production of sensitisation, but on some property of the 
cells themselves For this reason rabbit cells are to be avoided in quantitative 
experiments such os those to be described below Even suspensions of human 
cells, which usually sensitise excellently, will exhibit thrn incomplete sensitisa¬ 
tion if not thoroughly washed, in this case, however, the difficulty probably 
arises from another cause, some of the dye used for sensitisation being adsorbed 
to traces of protein in the fluid suspending the tells 

(u) If a given quantity say 6 c e of standard suspension is sensitised with 
decreasing quantities, lcc,09co, , Olcc of brilliant green the 
sensitisation produced by the various quantities of dye will be found to vary 
considerably on different occasions On one occasion, for example, the 
greatest sensitisation may be produced with 0 5 c c of the dye , on another 
occasion, however, even under apparently the same conditions, the greatest 
sensitisation may be conferred by only half the quantity I have not been 
able to discover the cause of this irregularity, but, since I am satisfied that 
it is dependent neither upon temperature nor yet upon the length of time 
during which the brilliant green is allowed to act upon the cells, I am inclined 
to believe that it is to be explained only as the result of peculiarities of the 
cells themselves, c g , by variations in the extent to which the dye becom e s 
united with the proteins of the cell It will be obvious that this uncertainty 
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in reproducing any particular degree of sensitisation must constitute a very 
serious difficulty in quantitative work 

(in) If the suggestion which has been made regarding the sensitisation 
phenomenon is correct, the degree of sensitisation will depend on the quantity 
-of dye united with the cell proteins as well as, possibly, on the nature of the 
union, and will therefore not necessarily have any simple relation to the 
quantity of dye added Experiment, in fact, shows that no simple relation 
exists, and accordingly, since we cannot measure by any independent method 
the extent to which the union between the dye and the cell proteins has occurred, 
we are faced with the probability that one of the most important variables m 
the experiments must be left undefined The extent to which this state of 
affairs must comphcate the problem will be easily appreciated, for the 
case is somewhat analogous to one m which it is required to investigate the 
kinetics of saponin haemolysis without measuring the quantities of saponin 
used 

Bearing m mind these difficulties, we may proceed to the consideration of the 
kinetics of the haemolytic reaction Since it is the addition of serum to the 
sensitised suspension which results m lysis, the first point to be investigated 
is the effect of varying the quantity of serum added, and to do this we prooeed 
m the following way — 

To a series of tubes, each containing 5 c c of the standard suspension, are 
added decreasing quantities of the stock solution of brilliant green, e g , 1 c c 
0 9 c c , , 0 1 c c , and 0 05 c c The tubes are allowed to stand for 30 

minutes at 25°, the cells are then washed thnee with 0 85 per cent NaCI, 
and the contents of each tube brought back to their original volume of 5 c c 
by the addition of saline In this way a series of suspensions composed of 
cells which have been treated with different quantities of brilliant green are 
prepared, and it is usually found that at least one of these suspensions is highly 
sensitised 

At this stage it is convenient to cany out a rough determination of the 
amount of sensitisation of the various suspensions A senes of tubes are 
prepared, each containing 0 5 c c of the serum to be used, together with 1 • 1 o o 
of saline To each of these is added 0 4 c c of the suspension to be tested, and 
the time required for complete haemolysis noted The cells of one of the sus¬ 
pensions, usually that in which the cells have been sensitised with 0 6 c c of 
brilliant green, will be found to htemolyse more rapidly than those of the other 
suspensions these are selected as the most highly sensitised For reasons of 
convenience the experiment is proceeded with only if these most highly 
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sensitised cells completely luemolyse within about 3 minutes at 25°, a longer 
time for complete lysis indicating a rather poor sensitisation 
The following table shows the typical relations between the time required 
for the complete haemolysis of 0 4 c c of such a highly sensitised suspension 
and the quantity of serum added to bring about the lysis In all oases the 
quantities are so arranged that the total volume of the system is 2 c c In 
the case of this particular suspension sensitisation was brought about by the 
addition of 0 2 c c ofO 1 per cent brilliant green to 5 c c of standard suspension 


faerun 

t 

‘■'©rum 

1 

o o 

m ns 

c c 

mini 

0 G 

3 2 

0 020 

4 5 

0 01 

3 25 

0 020 

6 2o 

0 0"S 

3 GO 

0 Olrt 

6 

0 0 

4 0 

0 0125 

10 0 


This table brings out two important points — 

(i) Even by the addition of very large quantities of serum the time required 
for complete hemolysis is not reduced below a certain very definite value in 
this case 3 2 minutes The curve showing the relation of t to the quantity 
of serum added accordingly does not pass through the origin but cuts the 
abscissa at a point which we shall indicate by t So steeply indeed does the 
curve turn downwards towards this point that it is very difficult to be certaui 
that the addition of say 0 5 c c of scrum results in anj more rapid htemolysis 
than does the addition of a much smaller quantity say 0 1 c c 
(u) As the quantity of added serum diminishes the time taken for complete 



Fra l 



566 


E. Ponder. 


hemolysis becomes longer and longer, until ultimately hemolysis does not 
occur even after an exceedingly long time. This is best seen when the results 
are plotted, as in fig. 1, where the curve passes upwards towards an asymptote 
corresponding to the addition of about 0-01 o.c. of serum. 

The next point for investigation is the effect of varying the quantity of 
brilliant-green with which the cells are sensitised. By adding increasing 
quantities of serum, we can obtain in each oase a value for the shortest time 
within which complete heemolysis can occur, and can thus define one limit 
of the curve which Bhows the effect of various quantities of serum. The 
following table shows typical values of t m , obtained with suspensions sensitised 
by adding decreasing amounts of 0*1 per cent, brilliant-green to S c.c. of 
standard suspension. 


Dye added, 
c.c* 


Dyo added, 
c 0 , 


00 

5 0 

0 4 

3-fi 

0-8 

4 5 1 

03 

40 

0-7 

4 25 

0 2 

0 0 

00 

3 7fl | 

01 

21 0 

0-5 

30 1 




The moBt striking point about these figures is one which has been already 
commented upon; the addition of a certain definite quantity of brilliant- 
green gives a maximal sensitisation and a minimum value of while the use 
of greater or of smaller quantities of dye for the production of the sensitisation 
results in this minimum time for complete hemolysis being increased. In 
this particular oase, the smallest value of t m corresponds to the use of 0*5 o.c. 
of dye in the sensitisation process, but the quantity which results in maximum 
Bensitisation is by no means a constant one. The maximum is, however, always 
clearly observable, and often even more marked than the above figures 
indicate. 

In view of the manner in which we believe sensitisation to occur, it is not 
surprising that there is a particular quantity of dye which brings about a 
maximum effect, this quantity being that which unites with the whole of the 
cell component involved. Smaller quantities of dye we should expect to give 
a smaller degree of sensitisation, and thus the hypothesis accounts both for 
the appearance of a maximum value of t m and for the value of t m becoming 
greater as the quantity of dye used becomes less. At first sight it is difficult 
to see why the values of should also become greater as the quantity of dye 
increases above that required to give maximum sensitisation; an explanation 
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of this fact, however, is also indicated by the hypothesis, for under these 
circumstances there is excess dye in the ByBtem, and this exoesa dye is itself 
capable of reacting with added serum. The presence of the dye, in excess of 
that required to unite with all the cell component involved, may accordingly 
render ineffective a considerable quantity of the serum added. Unfortunately 
it is not possible to produce adequate evidence in support of this explanation, 
for the investigation of any form of inhibition in systems so complex as these 
is a matter of the greatest difficulty; 1 accordingly propose to omit all dis¬ 
cussion of this possible inhibition in the meantime, and to confine myself to 
a consideration of the kinetics in systems in which there is maximum sensitisa¬ 
tion, or sensitisation less than the maximum. 

By adding various quantities of serum and observing the time taken for 
complete haemolysis, it is possible to construct curves, such as that shown in 
fig. 1, for a number of suspensions sensitised with different quantities of 
brilliant-green, ranging from the quantity necessary for the production of 
maximum sensitisation to the quantity which produces so little sensitisation 
that experimental work becomes impossible. It should be observed, however, 
that such an experiment is very difficult to carry out in practice, for even if 
a number of suspensions are sensitised with different quantities of dye, it is 
unusual to find more than one or two in which the sensitisation is appreciably 
less than the maximum and yet is sufficiently great to allow of complete curves 
being obtained. The greatest number of curves which I have been able to 
obtain in any one experiment is four, and even this small number is not obtained 
in one experiment out of twenty. 

The following table gives the essential data for a case in which four complete 
curves were investigated, the curves themselves being shown in fig. 2. In 
the case of the three curves lost mentioned, a series of calculated values of t 
are given for comparison with the experimental values , the method of obtain¬ 
ing these calculated figures will be referred to below. 


Serum, 
c.c. 

t . t , 

observed. calculated. 

0 1 

2-75 

o*or> 

3 2 

o oS 

3-75 

0 025 

44 

0 020 

G-23 

0 016 

6 5 

0 0125 

00 

0 010 

100 


0 o.o. suapension plui 0 3 c.e. dye 
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SenuDi 

o o 

o burred 

t. 

calculated 

, 

6 o o anepenuon pltia 0 2 c c dye 

0 1 

3 76 

S 70 


0 00 

4 20 

4 25 


o o4 

0 0 

0 0 


0 020 

6 0 

0 » 


0 020 

7 0 

7 0 


0 016 

8 75 

8 0 


0 0120 

12 0 j 

12 0 

Ocl auapenaion pto» 0 2o o dye 

0 1 

4 5 1 

4 26 


0 06 

0 20 

6 0 


0 08 

0 0 

5 8 


0 025 

6 0 

0 8 


0 020 

8 0 

8 1 


0 016 

10 0 

1 10 1 


0 0120 

14 6 

1 15 5 

(toe raipenaon plot 0 00 c c dye 

0 1 

10 0 

17 6 


0 00 

20 20 

20 6 


0 oft 

24 0 

24 0 


0 026 

28 0 

28 2 


0 020 

34 0 

33 0 



Two very significant points may be observed m connection with these 
four curves 

(i) The four curves approach the same asymptote, for the addition of 
approximately 0 009 c c of serum gives haemolysis m infinite time m each case 
From this fact we may deduce that the quantity of serum used up in the 
production of complete haemolysis of the cells of the suspension is the same in 
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every caw, irrespective of the quantity of bnlliant-green used for sensitising 
the system Further, since it is a matter of fundamental principle that the 
quantity of hsemolysin used up in hwnolysing a constant number of cells is 
itself constant, the fact that the quantity of serum used up is also constant 
suggests strongly that the serum added is either itself a hemolysin or that it 
is involved in the formation of a new lysm within the system 

(n) The curves are related to one another in such a way that the time for 
complete haemolysis in the case of any one curve differs from that in the case 
of another merely by a multiplying constant Thus if t v t t , t a , etc , are points 
on one curve, each point corresponding to the addition of a certain quantity 
of Berum, and if t a , t a , etc , are points on another curve each corresponding 
to the addition of the same quantities of ^ram, 

ti-=k f,, t t ' = k t a , t a ' = k t a , etc (1) 

It is from this relation that the calculated times m the above table are 
obtained, the curve for the suspension sensitised with 0 3 c c of dye being 
used as a standard since it provides the case in which the sensitisation is at a 
maximum, and the value of the constants being as follows — 


Dyt used for mnAitmtion 


* 


0 J 
0 2 
0 1 
0 06 


1 0 
1 33 
1 66 
6 4 


It will be seen from the correspondence of observed with calculated results 
that the relation expressed in (1) holds true with a remarkable degree of 
accuraoy 

The interpretation of the results of these experiments may be approached 
m two stages, the first being the explanation of the form of the curve as shown 
m fig 1, and the Becond that of the general relation expressed in (1) above 
As has already been observed, the evidence that a constant quantity of serum 
is used up m the haemolysis of the sensitised suspensions can also be used as 
evidence either of the serum acting itself as a hemolysin or of the serum being 
used up in the formation of a constant quantity of a new lyBin within the 
hemolytic system The former possibility, however, may be dismissed at 
once, for even the addition of the largest possible quantity of serum to the 
sensitised cells does not result in a reduction of the time for complete haemolysis 
below the minimum time ( w whereas, were the serum itself a hasmolyain, we 
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should expect the curve under consideration to pass through the origin We 
have accordingly to consider the second possibility—that a new hemolysin is 
produced within the system, and that this new lysin produces hemolysis oi 
the cells by acting as a simple hemolysin 
The simplest way of approaching the matter is to consider that the formation 
of the new lysin and its action on the cells of the suspension take place in two 
separate stages We shall suppose that a reaction occurs between the added 
serum S and a hypothetical component of the system A, the latter component 
appearing as a result of the sensitisation and that the result of this reaction 
is to form a quantity L of new lysin This quantity L will then be limited by 
two factors, the quantity of S present and the quantity of A present, L will 
in fact be proportional to the smaller of these two quantities just as m the 
case of a simple chemical reaction Under these circumstances, the velocity 
of the formation of the new hemolysin will be 

dLldt = X, (A — L)(S - L) (2) 


and the time token for the production of a constant quantity of L will be 



S(A-L) 
A (& — L) 


(3) 


If the concentration of S is very great the quantity L of the new lysin will be 
formed exceedingly rapidly but at the same time the quantity formed will bt 
limited by the fact that the quantity of A m the system is limited If on th 
other hand thi concentration of S is reduced a point will be reached at which 
the amount of L is formed only after infinite time The curve for the pro 
duction of a constant quantity of L limited by the quantity of A present in 
the system accordingly passes through the origin and proceeds to an asymptoti 
corresponding to some concentr ition of S This curve is Bhown in fig 3 as 
the dotted curve la 

The result of this reaction is the formation of the new lysin in quantity L 
and this new lysin now acts upon the cells of the suspension as a simple hamo 
lysin transforming a quantity x of some component C of the membrane and 
thus produi ing lysis The velocity of this reaction is 

dx/dt — ki (C — x)(L — x) (4) 


and the time taken to complete the hemolysis of the cells t e , for the trans 
formation of a constant quantity of x, is 



L(G-s) 
C (L - x) 


(5) 
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or, approximately if 0 is constant for the system and we are considering the 
formation of a constant quantity of r t e the lysis of a definite number of 


cells, 


. 1 , L 


( 0 ) 


As we have already seen, if A is limited m any particular system and 8 is 
added m very large amount the quantity of new lysin L will be formed in an 
exceedingly short time This quantity must however be limited by the 
quantity of A present and accordingly will take a certain time to complete 
haemolysis, the time taken being given by expression (5) or (6) after the proper 
value of L is inserted In order to obtain the most rapid hsBmolyBis possible 
we require to add to the system a very large quantity of S in order that the 
quantity L may be formed instantly, but even under these circumstances we 
cannot obtain instantaneous hemolysis, for the quantity of lysin formed, 
being limited, will still require a certain time to produce its effect, and thus the 
most rapid lysis which can occur m the system will be that whioh takes time 
t m , which may be, for example, several minutes If smaller quantities of S 
are added, the same quantity of new lysin will be formed and will take the same 
time to produce haemolysis, but its formation will be slower, as expressed 
in (3), thus the tune which elapses between the addition of the serum and 
tiie completion of haemolysis will be greater than t*, and greater m proportion 
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m the quantity of added serum is reduoed Finally, when the amount of serum 
added reaches a limiting value, L will be formed only after infinite time, and 
under such circumstances the time taken for the hamolysw will obviously 
be infinite also 

The curve for the formation of the new lysin thus passes through the origin 
and approaches an asymptote corresponding to a certain amount of serum 
added (fig 3, curve la) The curve for the completion of the lysis, on the 
other hand, cannot pass through the origin (unless the concentration of A 
present in the Bystem is infinitely great), but cuts the t-axis at a point t m , the 
position of which depends on the value of A (fig 3, curve 16) Both curves, 
however, approach the same asymptote, corresponding to the addition of a 
certain quantity of serum to the system 

We have now to consider the effect of varying the quantity of brilliant green 
in the sensitisation process It has already been suggested that in this process 
the dye, or its leuco base, becomes united with a certain protein cbmponent 
of the red cell membrane In the nomenclature of the above equations, the 
dye thus combined would be denoted by A, while the cell component involved 
would be denoted by C, thus the quantity of 0 present in the hnmolytic 
system is dependent on A, which again we may suppose to be dependent, 
although probably not directly, on the quantity of bnlkant green iued for the 
production of sensitisation We have already seen that this hypothesis 
accounts for a certain quantity of brilliant green producing maximum sensitisa 
tion, this particular quantity being that which is combined with the whole of 
the cell component involved, and that which accordingly produces maximum 
quantities of A and C in the sensitised system At the same time it accounts 
for the relation expressed m (1) between curves for hamolytio systems sensitised 
with different quantities of dye, for both A and C vary proportionately when 
the amount of sensitising dye is varied and thus the velocity of the formation 
of the lysin L and of its compound r with the cell component, is altered by a 
constant only 

In this consul* ration of the occurrences within the haemolytic system we 
have assumed that the formation of the lysin and its action on the cells of the 
suspension take place in two distinct stages This is, of course, unlikely, 
for it is almost certain that as soon as the lysm L is formed it commences to 
act upon the cells In order to express this it is necessary to solve expressions 
(2) and (4) simultaneously This m itself constitutes no difficulty, but a very 
serious difficulty arises as soon as we attempt to express the fact that the 
quantity of new lysm formed ib limited by the quantity of the components A 
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and S in the system, for in (2) we hare to deal with a differential equation in 
which the velocity of formation of L may be very great if 8 is very great but 
in which the additional condition must be expressed that the quantity of L 
formed is strictly limited by the value of A I have been unable to obtain 
any solution of this problem m a form which can be used m practice principally 
owing to the number of undetermined constants which it is necessary to 
introduce and am therefore unable to do more than to show in fig 3 a senes 
of curves which would be found for suspensions sensitised with different 
quantities of dye if the reactions discussed above occurred m two stages and 
to compare this series in a general way with the series found in experiment 

(fig 2) 

In making the comparison two points should be noticed (a) So far aa 
the more outstanding properties of the two series of curves are concerned 
eg, m their cutting the t axis in their approaching the same asymptote and 
m their bearing to one another the relation expressed m (1) the two series are 
ldehtical ( b ) the curves in fig 3 are curves of simple first order reactions 
bat those observed in experiment and shown in fig 2 are not for if we attempt 
to describe them by cxpiessions of the first order we find that the velocity 
constant must be continuously reduced as the concentration of added serum 
becomes less This difference however is just what we expect to find if the 
reactions occurring in the hasmolytic system are consecutive instead of occurring 
in two stages and thus the difference between the two senes of curves is in 
itself in support of the hypothesis advanced 

We may summarise our conception of the mechanism of tusmolysw in these 
systems in the following way In the sensitisation process a compound is 
formed between a protein component of the red cell membrane and either the 
brilliant green itself or its leuco base We have no clear evidence as to the 
nature of this compound On the subsequent addition of serum the serum 
proteins react with the combined dye in the system to form a hemolysin which 
can react with the protein component referred to, and which thus brings about 
lysis It will be observed that this hypothesis contains two essentials the 
tint being that the hemolytic reaction is really composed of two consecutive 
reactions and the second being that the new lysm formed by the combination 
of the serum proteins and the dye acts upon the same cell component as that 
to which the dye is united The dye thus acts as an amboceptor m an 
unusually strict sense of the term for it brings together the cell component and 
the serum proteins by fint uniting with the former and then uniting with the 
latter 


i a 2 
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Changes in Form during Heomohyns 

In view of the importance attached to the changes m form of red cells during 
hamolysis by different lye ins it is convenient to record here the changes which 
occur when sensitised cells are hamolysed by the addition of serum 
The cells of a sensitised suspension are invariably found to be in the spherical 
or Goughian form and to present the typical fine crenationB on their surfaoes 
At the same tune they may present a rather dusky tmt As soon as serum is 
added the spherical form is replaced by the usual discoidal form this b mg 
the typical effect of the addition of serum Some of the cells may show 
irregularities of outline and the mottling of the envelope described by Millar (6) 
may be observed by means of dark ground illumination with the Cassegrain 
condenser 

During the initial stages of hemolysis no important change of form occurs 
After some time however and usually very shortly before the cell is to hamolyse 
the discoidal form is again replaced by the spherical form no fine orenatyons 
are now visible but the mottling of the surface is quite distinot The cell 
then loses its hemoglobin but the loss is not such a rapid one as for example 
in the case of saponin hmmolysis After lysis the cell envelope is dearly visible 
as a ghost and these ghosts may persist for a long time as observed by Mackie 
This fact suggests that the action of the lysin on the protein components of 
the cell membrane is not such a general one as in the case of the action of 
saponin 

The changes observed are thus very similar to those which occur during 
hsmolyBis by saponin and other simple haemolysins 

This research was earned out under a grant from the Government Grants 
Committee of the Royal Society 

REFERENCES 

(1) Ponder Roy Soc Proc B vol 93 p 86(1922) 

(2) Ponder Roy Soc Proc B vol 95, p 382 (1923) 

(3) Ponder Bioohenuosl Journal vol 18 p 846(1924) 

(4) Browning and Mackie Zeatsohr f Immunityte vol 21 p 422 (1914) 

(5) Maokie Trans Roy Soc South Africa vol 8 p 69 (1919) 

(6) Millar Quart Jour Ex per Physiol vol 16 p 268 (1926) 



575 


Myograms yielded by Faradtc Stimulation of the CerebeUar Nudei 

By Fmdmmok R Millbh MA MD FRSC, and N B Laughton 

MSc PhD 

(Communicated by Prof A B Macallum FRS —Received July 21 1928) 

(From the Department of Physiology University of Western Ontario School, 

London Canada) 

[Platm 17 18] 


CONTENTS 


Introduction 

Page 

575 

Anatomical considerations 

578 

Method* 

578 

Result* Myograms of forehmb muscles 

582 

Myograms of hmdlunb muscles 

586 

Discussion 

GOO 

Summary 

506 

References 

T08 


Introduction 

The general characteristics of the muscular manifestations which ensue on 
faradic stimulation of the oerebellar nuclei were described in a previous 
paper (28) In the present investigation an analysis of the nuclear responses 
was effected by recording the changes in tone m individual muscles of the fore 
and hindlimbe Prior to our own work faradio stimulation had been applied 
to the oerebellar nuclei by Horsley and Clarke (17) they did not record the 
muscular changes graphically but only observed the movements of the limb 
these movements to judge from then somewhat casual report resembled those 
observed by ourselves The belief that the responses observed by Horsley 
and Clarke were evoked by actual stimulation of the nuclei was dearly implied 
in their artiole but in a paper by R H Clarke (6), published posthumously 
the opinion is expressed that the reactions supposedly of nuolear origin were 
of a fallacious character depending on current diffusion to Deiters nucleus 
and various motor centres 

Speaking mare particularly for our own work we must state positively that 
our reactions were evoked by stimulation of the mtraoerebellar nuclei them 
selves, and were not due in any sense to spread of current beyond the cere 
bellum Phenomena caused by spread of current are readily recognisable 
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and were avoided by using currents of threshold value for the nuclei, the excit¬ 
ability of which was carefully preserved. Our conclusions are thus more 
nearly m agreement with those of Horsley and Clarke than with those recorded 
in the posthumous paper of Clarke 

Of interest in relation to nuclear stimulation ib the work of Cobb, Bailey 
and Holtz (9), who applied faradisation to the brachtum oonjunettvufn, whilst 
recording the tonus changes in the triceps muscles of both sides, the effects 
observed were inhibition in the ipsilateral, and moreased tonus m the con 
tralateral, muscle , an essential condition was the retention of the red nuclei 

Tn the present paper, as m those preceding it (25, 28), the conception is 
developed of the cerebellum as an apparatus exercising both an augmentor 
and an inhibitory influence over postural tone , this view as to the dual nature 
of cerebellar control receives its support from the effects, already reported, of 
faradic stimulation of the ceri liellar nuclei There result from nuclear stimula¬ 
tion muscular responses of widespread character involving muscles of the 
limbs, trunk, eyes and tail, the movements of the limbs are largely flexor 
m kind and those of the body are similar, in so far as they have been observed 
rhe movements of the limbs, as judged merely by inspection, appear to be co¬ 
ordinated m nature, there being mciease of tone in the flexors and diminution 
of tone m the extensors or antigravity must les, that the tonus ohanges are in 
reality of this kind is proved by the myograms presently to be described, which 
show, in the antagonistic muscles, phenomena clearly reciprocal m nature 

Not only is an inhibitory influence on the tone of the extensor or antigravity 
muscles exerted by the cerebellar nuclei but a similar influence is exerted by 
the cerebellar cortex particularly its rostral portion, faradisation of which 
yields inhibition of decerebrate rigidity (36 27) Since this cortical region is 
connected with the nucleus faettgn (7,15), which itself evokes inhibition of the 
extensors (28) (together with contraction of the flexors) we may infer the 
identical natim of the fastigial and cortical reactions 

Reasoning from the results of stimulation just mentioned we are led to 
regard the cerebellum as influencing posturdl tone, so as to augment the tone 
of the flexor muscles and at the same time inhibit the tone of the extensor 
muscles, which appear to belong largely to the “ antigravity group ” It will 
be apparent that this conception of cerebellar function is not opposed to the 
views of de Barenne (2) and Rademaker (32), who reject hypotonia as a 
symptom of cerebellar deficiency The operation of cerebellar ablation was 
performed by them under strict asepsis and with careful anatomical controls, 
hypotonia they were unable to detect, though hypertonia appeared promptly, 
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being expressed particularly as opisthotonus, retraction of the head, and 
extensor rigidity of the forelimbs, these symptoms of Luoiam’s first stage 
have already been interpreted as 1 release phenomena ’ (37), the consequence 
of the liberation of various centres from inhibitory control of cerebellar cortex 
and nuclei (26) On the basis of our theory hypertonia, not hypotonia, of 
the antigravity muscles is to be expected , on the other hand, hypotonia might 
logically be looked for m the flexor muscle groups 

Now the methods used by de Barenne and Rademaker to examine muscle 
tone, such as by application of weights to the back of the animal or by palpa 
tion of the limb, would tend to reveal the state of tone in the antigravity 
muscles, whilst perhaps leaving unsuspected any possible hypotonia m the 
flexor groups But as to the hypotonic state of these after cerebellar removal 
there oan be little doubt considering the augmentor effects evokable m them 
by nuclear stimulation Clearly then the results of de Barenne and Bade 
maker on cerebellar removal constitute no difficulties for our theory of dual 
cerebellar control over postural tone 

A matter still demanding explanation is the frequent occurrence of hypotonia 
as a symptom of disease or injury of the human cerebellum , it was invariably 
found, for instance by Gordon Holmes (16) in his investigation of cases of cere 
bellar injury resulting from wounds received during the War the muscles 
affected were extensors of wrist and extensors of knee precisely those showing 
augmented tone after experimental removal The solution of the difficulty is 
probably to be found in the character of the clinical lesion which, being less 
clear cut than the experimental excision < vokes not merely phenomena of 
deficiency but of irritation as well these latter may depend on the stimulating 
pffeot of increased intracranial pressure on the medullary centres (11) or on 
oedema of residual parts of cerebellar cortex and nuclei conditions which might 
conceivably lead to the discharge of impulses inhibitory to the motoneuroncs 
of the antigravity muscles In ways such as these may be explained the 
apparent discrepancy between the clinical and experimental hsions 

It seems unnecessary here to review the controversy regarding the nature 
of muscle tone , wc may merely remark on the prevalence to day of the views 
of Sherrington (41 42 21 44) that tone is always postural in kind being 
aroused and regulated (22) reflexly by stretching of the proprioceptors of the 
muscles themselves engaged in the particular posture , on the efferent side the 
discharge takes place through the somatic motoneurones which subserve 
ordinary muscular movement (46, 8 47, 10) In Fulton’s (11) conception of 
tonus there is a rotational activity of the muscle fibres, following the 1 all-or- 
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none ” principle and evoked an a series of stretch reflexes Assuming then 
the olose similarity between tonus and ordinary muscular contraction we seem 
justified in referring to the positive effects evokable from the cerebellar nuclei 
either as contractions or as augmentations of tone, expressions thus regarded 
as practically synonymous, as to the negative nuclear effects, their envisage- 
raent as inhibitions of pre existing tone offers the simplest mode of expression 

Anatomical Considerations 

Whilst morphologically equivalent to the cerebellar nudei of man, those of 
the cat are of somewhat simpler character, the several nudei being closely 
connected together, the consequence of their origin m a single mmm of grey 
matter (48, 33 29) Viewed m horizontal section the nuclear aggregate of 
each cerebellar moiety is obviously divisible into a medial part, the nucleus 
fasttgtt, and a lateral part this having a tnlobed form, with one lobe extending 
forwards, one backwards and a third outwards, die lateral part includes the 
nude i denlatus, emboltformts and globosus Weidenreich (48), whose studies 
extended over the cerebellar nuclei m various mammals, adopted designations 
for the nuclei differing from the conventional terms of human anatomy, in 
Bpite of certain advantages of his terms, those of human anatomy have been 
more generally employed by writers when referring to the nudei of the lower 
mammals, they are used, for example by Winkler and Potter (49) in their 
atlas of the cat’s brain as also by Horsley and Clarke (7) in their studies on 
cortical connections with the nuclei In these circumstances we have pre 
ferred to retain the older terms and have based our designations on the charts 
in the atlas of Winkler and Potter, thus the lateral nucleus, with slightly 
lobulated margin, ir referred to as the n dentatus that next to it medially 
being the n emboltformts then the n qlobosm and most medially of all the n 
fasttgtt It is unnecessary, in this place, to enter more fully into the morphology 
of the nuclei and their connections m view of the somewhat extensive review 
of the subject in our earlier paper (28) 

Methods 

Prominent reactions which may be evoked by nuotear stimulation are flexion 
of the ipsilateral fore- and hindlimbs, these reactions being succeeded by 
extensor rebounds m both limbs (28) Guided by these reactions, we proceeded 
to record the tonus changes in typical flexor and extenwr musdes in the fore 
and hindhmb on the side of the stimulation (the animal’s right) The musdes 
selected m the fonlimb were btceps brachtt and caput laterals of triceps bracket 
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The bxoeps acts as a flexor of the forearm its ongin by a tendon from 
the bicipital tubercle of the scapula makes requisite the fixation of this bone 
for purposes of recording Of the triceps the sqppular head being employed 
reflexly as a flexor of the shoulder joint (41) we chose the lateral head for 
recording as being a pure elbow extensor the tendon of which oould be readily 
isolated , the remainder of the muscle was rendered ineffective by disartioula 
tion performed at the elbow joint 

In the hindlimb the musoles used were the tibialis anterior and the gastrocnem 
tus adieus pair The ttlnahs is employed as a flexor muscle m the flexor reflex 
The gastrocnemius although because of its origins potentially a knee flexor 
when used reflexly acts only as an extensor of the foot (41) also the soleus 
extends the foot from which it follows that the traction exerted by the two 
muscles through the tendo Achxlhs may be consider! d as purely an extensor 
effect 

Considering first the experiments with the forelimb muscles our procedure 
was to isolate the tendon of the biceps and that of the caput laterals of the 
triceps in a preliminary operation performed aseptically under anesthesia 
the tendons of the muscles freed to a suitable length were transfixed and ligated 
with silk threads amputation of the forearm was then performed through 
the elbow joint flaps of skin being sutured so as to cover the lower end of the 
humerus The immobilisation of an extensive group of muscles acting on the 
forelimb was accomplished m this stage by division of the accessorius nerve 
at its plaoe of entry into the cleidomastoid muscle at the same time the 
procedure lessened the possibility of the obscuring of the results of cerebellar 
stimulation through current spread to the nucleus and rootlets of the nerve 
mentioned Experience showed us however that thts consideration was not 
important since with the use of weak currents the dangers of current diffusion 
are easily avoidable the excitability of the nuclei having been well maintained 
by careful methods of preparation section of this nerve was therefore omitted 
in the hmdlimb experiments which were completed in one stage 

The actual experiment on the forelimb was performed under anesthesia a 
couple of days after the aseptic operation After securing a cannula in the 
trachea the brachial plexus was exposed by an moision through the axillary 
region The musculocutaneous and radial nerves were then cautiously isolated 
and the re maining nerves of the plexus severed the trapezius group having 
already been paralysed in the first operation the biceps and caput laterale of 
the triceps were left to act unimpeded in the process of recording The wound 
in the axilla was then dosed by suturing the skm Both hindlimbs were 
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paralysed by nerve section but the opposite forelimb was left intact, the move* 
ments of the latter, together with the bodily movements, served as useful 
confirmation regarding the ^curacy of our localisations 

The carotid arteries were then ligated and the animal was placed prone in 
the usual decerebration position, the head being secured in a Csermak head 
holder Trephine openings were made on both sides of the skull, the 
intervening bone was removed and the calvarium was opened extensively, 
decerebration was through a plane cutting the thalamus doiaally about 7 mm 
m front of the superior colliculi and ventrally about 4 mm m front of the 
ohiasma, meantime pressure was maintained on the vertebral arteries after 
the method of Sherrington Through the choice of the level of deoexebration 
the integrity of the nuclei rubrt was assured, a condition essential for our 
cerebellar stimulations 

At a suitable interval after decerebration the nght half of the cerebellum 
was exposed and a horizontal cut was made with a fine, sharp scalpel, so as to 
lay bare the cerebellar nuclei of that side , the plane of this cut lay in front 
about 1 mm dorsal to the paraflocculus laterally at the extremity of the inter 
crural suIcub and behind about 1 mm ventral to the upper margin of the 
paramedian lobule the incision was carried medially as far as the midline 
and a second vertical cut was made to meet it, m this way a block of cere¬ 
bellar tissue was removed thus leaving the dorsal surfaces of the cerebellar 
nuclei exposed The excision was attended by a considerable amount of 
bleeding and we encountered great difficulties in controlling it, particularly 
in our earlier experiments Matters of importance were found to be the 
choice of a small animal and the maintenant < of pressure on the vertebrals 
during and after the ablation the application to the bleeding surface of small 
pledgets of absorbi nt cotton soaked in adrenaline eolation was also of great 
value The bleeding having been checked as far as possible, the skin flaps 
were closed with clips and arrangements were made for the actual recording 

The animal was transferred to a special experimental table and was sub 
pended by the hi ad holder and either by * cord tied through the skin just in 
front of the tail or by a cotton sling, supporting the abdomen, the ooird or 
sling was fastened in a suitable way above the animal Fixation of the fore 
limb was by a clamp gripping the spme of the scapula and by a second damp 
of form specially moulded to grasp the lower end of the humerus, both clamps 
were fastened to uprights secured to the top of the table The tendon of the 
biceps like that of the caput laterals of the triceps , was connected, by a thread 
passing beneath a small pulley, to a crank lever writing on the Brodie-Starling 
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kymograph Each lever pulled against a light flexible ooiled spring the mode 
of recording thus being mainly isotonic the magnification of each lever was 
3 6 times 

The experiments on the hmdlimb were performed m one stage Both 
forelimbs and the left hmdlimb were paralysed by nerve section the muscles 
of the right hmdlimb with the exception of the tiinah» anterior and gastroenem 
tut toleut were rendered ineffective by nerve section or tenotomy The 
nervus ttbtahs was isolated at the ankle for stimulation in evoking the lpsilateral 
flexor reflex for purposes of comparison with the nuclear responses The 
tendon of the tibialis anterior was isolated and after detachment from its 
insertion was transfixed and ligated by a silk thread the tendo AchiUis was 
dealt with in similar fashion Decerebration and exposure of the cerebellar 
nuclei were earned out as desenbed in the forelimb experiment for hmdlimb 
recording it was found unnecessary to elevate the animal which was left 
prone on the table the head secured by the holder Fixation of the hind 
limb was by a aide jawed clamp grasping the lower en 1 of the femur and by a 
second clamp holding the foot The tendon of the ttbtahs and the tendo AchtUi « 
were connected by threads with the crank levers before mentioned the thread 
from the tendo AchiUxs passing under a small pulley 

Stimulation was by the unipolar method using the stigmatic electrode of 
Sherrington the indifferent electrode was a sa Idle shaped braes plate covering 
a saline soaked pad applied to the clipped skin of the lower lumbar region 
the brass electrode was stitched to the skin The localising currents were of 
minimal intensity and using these it was possible to show that the responsive 
areas were strictly limited m various directions in this way me could be sure 
that the responses were yielded by the nuclei themselves and were not caused 
fallaciously through current diffusion to other structures The current was 
supplied by a Cambridge inductorium operated by three storage cells an 
ammeter and rheostat being included in the primary circuit the interrupter 
vibrated approximately 20 times per second 

After exposure of the nuclei by removal of cerebellar tissue lown to the 
level mentioned the stigmatic electrode was applied to each nuoleus and 
the responses were recorded we were guided as to the positions of 

the nuclei by the study of Weigert sections through the same level as that use 1 
in our stimulations, the various nuclei may be successfully stimulated along a 
line running transversely outwards from the level of the sulcus pnmanuH m 
the intact left (remaining) cerebellar lobe since the nuclear substance extends 
forwards and backwards from this line the area of stimulation was enlarged 
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acoordmgly The points in the nuclear areas yielding the most powerful 
responses were marked by the insertion of small bristles, quite often the 
extreme limits of the responsive area were marked by the same means, in 
such cases subsequent microsoopio examination showed that a particular 
nucleus had been delimited and had thus, unquestionably, been the place of 
origin of the recorded responses 

On the completion of an experiment the brain, after fixation in formalin, 
was photographed from above and below so as to show the positions of the 
bristles as well as the level of decerebration outline drawings were also made 
as guides to the photographs The portion of cerebellum, containing sometimes 
one sometimes several, bristles, together with the underlying brain-stem, was 
after subjection to the usual treatment embedded m oelloidin, serial sections 
were cut through the sites of insertion of the various bristles and were stained 
by the Weigert hmmatoxylin method Microphotographs of the sections 
showing in each instance a bristle over a particular nucleus were finally 
made 

Result* Myograms of I orehmb Muscles 

Nucleus dentatus —Faradisation of this nucleus yields muscular responses 
less mtense, it is true than those from the other nuclei, but, nevertheless, 
definite m character The myogram of the biceps brachti shows, during stimu 
lation, a smart rise then a rounded “ ascent plateau turn ” (19), followed bv 
a plateau gradually declining and showing slight undulations (fig 1), follow 
mg stimulation there is a quick fall devoid of after discharge, the latter being 
a noteworthy deficiency 



Fio 1 —Myograms of b*ctp* brackw and oaput lateral* ot triceps braehtt obtained by unipolar 
faradisation of ipailateral nudes* dentatus Sec diat 135 mm (see fig 1, Plate 17) 
Note —The myograms as reproduced are three quarter scale of originals. 
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The myogram of triceps braehtt shows during stimulation a gentle slope 
downwards, after stimulation a slight rebound ’ occurs The responses 
of the triceps to stimulation of this nucleus are not intense but when viewed 
in the light of the effects elicitable from the other nuclei it becomes dear that 
they are of the same kind, namely, that there is inhibitory relaxation during the 
stimulation, followed by rebound increase of tone thereafter, it is probable 
that the responses of triceps would have been more intense had its initial tonus 
been greater The behaviour of the two muscular antagonists both during 
and after the stimulation is obviously oo ordinated exemplifying the principle 
of reciprocal innervation (39) The position of the electrode above the n 
dentatus of the animal’s right side is shown in fig 1 Plate 17 

Nucleus emboUfomus — During the period of faradisation of this nucleus 
the biceps curve shows a smart me with a rounded ascent plateau turn 
then a plateau which Blopes downwards slowly, a quick drop without after 
discharge, follows the stimulation The triceps response consists in a gradual 
decline during the stimulus, to be succeeded thereafter by a definite rebound 
(fig 2) These phenomena, intrinsically like those on stimulation of the n 



2 —Myogram* obtained by npi poUr faradisation of unilateral » tmboltformu See 
diet 135 mm (see fig 1, Plata 11) 


dentatus, are here more strikingly portrayed , there is again adherence to the 
principle of reciprocal innervation t as before after discharge is lacking m 
the myogram of biceps whilst that of triceps shows rebound In fig 1 
Plate 17 is shown the position of the electrode over the n etnboUfomas 
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Nucletu globosus —The myograms obtained by stimulation of this nucleus 
are very like those from the n embohformta there being the same reciprocal 
behaviour of both muscles here agam after discharge is absent from the 
record of bxccps As regards the tnceps curve there is pronounced inhibition 
during the stimulus whilst post inhibitory tonus rebound is particularly striking 
(fig 3) If the initial tnoepa tone ib marked its inhibition on stimulation is 



tie 3 —Myogram* obtained by unipolar faradisation of lpMlatsrsl a ffetoou* Marked 
inhibition of tncept tone followed by externave rebound See dfst 130 mm (aee fig 
1 Plate 17) 



bio 4—Ifyograms obtained by unipolar faradisation of ipsila torsi « globonu Slight 
inhibition of Ineept tone followed by moderate rebound 8eo diet 136 mm (aee 
fig 1, Plate 17) 
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dear (fig 8), but if present in small amount muscular relaxation may not be 
observed, though the subsequent rebound shows dearly that the inhibitory 
mfluenoe had been at work on the centre (fig 4) A like independence of 
rebound of preourrent muscular relaxation is met with in the reflex (40) a 
circu mstanc e suggesting the essentially similar nature of cerebellar and reflex 
inhibition and rebound The position of the electrode over the n gkbosus 
may be seen by reference to fig 1 Plate 17 
Nucleus fasttgu —The muscular responses evokable from this nucleus differ 
from those previously described merely in the exaggeration of their various 
phases The initial rise of the biceps myogram is smart and extensive the 
plateau flat or slightly falling (figs 5 and 6) The inhibition of triceps during 
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hu S —Myograms obtained by unipolar faradiaataoo of trilateral n faittgi* Rebound 
after alight inhibition of t n esps tone Sao diat US nun (see fig 1, Plate 17) 
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Fra 6 —Myogram* obtained b\ unipolar faradisation of ipedateral n fastign Extensive 
inhibition of triceps tone 
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the stimulus is marked, given an initial tone of moderate intensity (fig 6), 
the post-inhibitory rebound of this muscle is powerful, rivalling or sometimes 
surpassing in height the excitatory contraction of biceps , once mare rebound 
is observed, whether preceded or not by muscular relaxation during the stimulus 
(figs 5 and 6) The position of the electrode over the » fastigii for fig 5 is 
indicated in fig 1, Plate 17 

Myograms of Htndhmb Muscles 

Nucleus dentatus The hindkmb responses evokable from this nucleus, 
like those m the case of the forelimb, are weak in comparison with the responses 
of the more medially placed nuclei The myogram of the tibialis anterior 
exhibits, during the stimulus, a gradual rise in tone to a fairly flat plateau , 
at the close of the stimulus there is an immediate drop devoid of any after 
discharge The record of gastroenetmus-soleus shows a slight, gradual fall in 
tone during the stimulus and a slight rebound thereafter (fig 7) In fig 2 
Plate 17, is shown the position of the electrode over the n dentatus 


SostnsoL 


Tib-ant 

Sig 
o s sec 

tie 7 —Myograms of gas tnenemms soUus sad tibialis anterior obtained by am polar 
farsdiwtioa of ipalatenl a dentatus Seo dist 146 mm (see fig 2, Plate 17) 

W 

Nucleus embohformts —The myogram of the tibialis anterior yielded by 
stimulation of this nucleus shows a prompt nse to a steady plateau, after 
stimulation there is a prompt drop m tone The myogram of gastrocnemius 
soleus shows a decline in tone during the stimulation followed by a slight 
rebound subsequently (fig 8) The position of the electrode over this nucleus 
is shown in hg 3, Plate 18 
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Sastnsd. 


Tibtanl 


Sig. 
o s sec. 


Fio. 8,—Myograms obtained by onlpnUr faradisation ct ipsOateral n. embolifomu. See. 
dkt. 140 nun. (see fig. S, Plate 18). 

Nucleus gtibesus .—The myogram of the tibialis anterior obtained by stimula¬ 
tion of the front part of tikis nucleus shows a large, sudden rise to a plateau, 




7ibe< 

Sig. , 

assec. 

Fie. 9.—Myograms obtained by unipolar faradisation of front part ofipeUateral n. glebes « 
See. diets 145 nn. /ma fl*r. PUto 17). 
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which is briefly sustained; then follows a gradual fall. The gastroonemius- 
soleus curve shows extensive inhibition during the stimulus, to be succeeded 
by powerful rebound on its cessation (flg. 9). The position of the electrode is 
indicated in flg. 2, Plate 17. A vase steadily sustained plateau of tibiaKs 
contraction is yielded by the hind part of the nucleus (fig. 10), though here the 
gastrocnemiu s sol mt s effects are slight. The position of the electrode in this 
latter stimulation is indicated in fig. 4, Plate 18. 


Sasfcsd. 


I 


Tibr&nl 

Sig. 

o-5 sec. 

Fig. 10. —Myograms obtained by unipolar f a ra d i sation of hind part of ipeilateral n. globosus. 

See. diet. 14ft mm. (see fig. 4, Plate 18). 

Nucleus fcutigii .—The tibialis anterior curve exhibits, during stimulation of 
the forward-lying part of this nucleus, a quick, extensive rise, which is well 
sustained ; following stimulation there is an immediate fall devoid of after¬ 
discharge. The gastroenemus^toleus curve shows inhibition during, and re¬ 
bound after, the stimulation (flg. 11). The relation of the electrode to this 
nucleus may be seen on referring to fig. 2, Plate 17. The hinder part of the n. 
faettgii yields reactions similar to those just described. 

As a variant of these reactions, movements of progression are occasionally 
encountered; they are obviously reciprocal, activity of a protagonist co¬ 
existing with inhibition of its antagonist (fig. 12). These effects reoall the 
progressive movements elicited from the front of the oerebellar cortex by 
Banting and (me of us (F. R. M.) (27); doubtless, indeed, both reactions are 
basically the same, since the Purlrinje cell axons in this cortical area are dis¬ 
tributed to the nudei fastigii (7, 10). The mechanism of progression set into 
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9&sbssol 


Tibrant 

Sig. 
os sec. 



Fra. 11.—Myogram* obtained by unipolar faradisation of ipsilateral a. fatUgii. See. 
dist. 140 mm. (see fig. 2, Plate 17). 



Tib.-&nt 


Sig. 

as sec 


Fm. IS. —Myogram obtained by unipolar faradisation of iprilateral *. fadtgii. Move¬ 
ments of progression. See. dist. 140 mm* 

activity must be considered as infracerebellar in both oases, being spinal and 

pnsplnal in location (18). 

f 
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A phenomenon met with very generally in the coarse of stimulafeone of the 
various nuclei is that of “ facilitation ” (89), it evidences itself by a pro 
gressive increase in briskness of the nuclear responses, with, at the same tune, 
an enhancement of their venous phases 

Dtscusston. 

The efferent pathways employed by the reactions evokable from the dentate, 
emboliform and globose nudet pass forwards from these nuclei m the braektum 
conjundtvum , crossing the midline m Wcmekmk’s commissure and giving off 
a descending tract deafened far the reticular formation of the pons and medulla 
oblongata the fibres end in synapses around the^oells of the nucleus rubor 
The majority of the axons from the dentate nucleus probably end in the small 
celled component of the n ruber (« ruber pamoeBulatus), though some end 
also in the large celled component (n ruber rriagmccUulatus) , the latter nuclear 
division is the ohief ending place for the axons from the emboliform and globose 
nnclei (13, 24, 1) * 

Taking its origin in the nucleus magntceUulatus the rubro spinal tract crosses 
the midline in the decussation of Forel and extends downwards giving off 
collaterals around the motoneurones of the oord, it is probably of major 
importance m the lateral nuclear reactions, though those from the dentate 
nucleus are subserved mainly by the nucleus pamoettutatus and its extensions 
the rubroreticular and reticulospinal tracts 
As subserving the responses evokable from the nucleus feuttgn we must look 
to the tracts variously known as “faectoulus unctnatus ” (Bussell (34)) 
Hacken bundel ” (Probet (81)) “ faisoeau en crochet ' or “ faisceau o6r6 
bello bulbaue ” (van Gehuchten (12)) Our knowledge of the coarse and 
destination of these tracts has gained much in precision at the hands of Mussen 
(29) who sucoeeded in making very small nuclear lesions with the aid of 
Clarke's stereotaxic instrument Two efferent tracts from the roof nucleus are 
designated by Mussen as of major importance, the “ hook bundle " and the 
faatigio Deiten' bundle," the first crossed, the seoond uncrossed The hook* 
bundle originates from tbs cells of the roof nucleus and, as well, aooarding to 
Mussen, from those of the n gkbosue , after traversing the midlme it passes 
beneath the opposite roof nucleus loops around the brachrum oongwuhvum, 
passing medially to the oorpus resttforme, to the contralateral Deiten’ nucleus 
where most of its fibres terminate, the other tract the fasfegio-Deiters’ 

* It should be stated here that Mum (29), who studied degenerations after very email 
nuclear lesions, believes that the n gtabomt contributes fibres to the fssfegiobulbsr tracts 
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bundle (uncrossed) which arises in the roof and globose nuclei passes through 
the juxta restiform bundle on the same side to the tpnkUeral Derters nucleus 
its principal ter min ation Mussens description includes a number of other 
fastigiobulbar tracts but those referred to here being crossed and uncrossed 
lend themselves well to the explanation of the bilateral character of the fasti 
gial response m which both forelegs participate with powerful flexion (28) 
The vestibulospinal tract forms the final link to the cord 

Comparing the nuclear reactions m the fore and hmHlimha there is clearly 
much similarity in the behaviour of the flexors the biceps brachxx and tibialis 
anterior and in that of the extensors the triceps brachxx and gastrocnemius 
solexis Generally speaking too there is close resemblance between the 
individual reactions of the several nuclei as manifested in flexor contraction and 
extensor inhibition the latter followed by rebound thus the reactions of the 
lateral nuolei are much alike nor do they differ materially except in being 
somewhat less intense from those of the n fastxgxx though the efferent path 
ways from the latter nuoleus are separate and distinct both as to course and 
mode of termination This essential similarity between the functional activities 
of the various nuclei finds its explanation in their intimate linkage and still 
more m their common origin and morphological equivalence (29) 

In both fore and hindlimb the regulation of muscular antagonists is as 
stated in oonformity with the law of reciprocal innervation (39) We may 
proceed, then, to a discussion of the reactions with special reference to those 
of the hmdlimb, partly beoause of their essential similarity to those of the fore 
limb but more especially because of our greater knowledge of the hindlimb 
reactions, both reflex and motor cortical thus affording us a wider field for 
fruitful comparisons and inferences 

A characteristic attaching to the responses of «> fastxgxx and exemplified by 
the myograms of both biceps bracks* and txbxahs anterior is the promptness and 
extensiveness of its inception (figs 5 and 11) One is impressed with the re 
semblance of the steep ascent to the riaotxon d’emblSe at Liddell and Sherrington 
(20), by this designation they refer to the smartness of the rise in the lpedateral 
flexor reflex, attributing it to the sudden calling into aotion of the effective 
motoneurenss The slower rise of the ascent curve evokable from the lateral 
nuolei, especially n dentate* (figs 1 and 7) reoalls the " recruitment reaction ’ 
of Liddell and Sherrington (20), thus they interpret the slowly rising phase of 
the nrnssful reflex, attributing it to the progressive recruitment 

of motoneurones (19) One is tempted at first sight to ascribe the type of 
nuclear reaction to the mode of activation of the motoneurones of midbtam 
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medulla oblongata and spina] cord ; thus in the fastigial reaction there would 
be immediate and practically simultaneous activation of all the motoneurones, 
whilst in the dentate reaction the activation would be gradual and p r o g r e ssive. 
But other factors come to mind as, in all likelihood, of greater importance: 
when the electrode is applied over the n.fcutigii the current probably impinges 
on a greater wealth of neurones than when it is applied over the more laterally 
placed nuclei; particularly in the case of the dentate nucleus conditions 
are least favourable for stimulation, because of its situation at the extreme 
outer boundary of the nuclear mass. Thus in the case of the roof nucleus there 
is an immediate excitation of a large number of neurones and, correspondingly, 
there results a prompt and vigorous response, like a reaction d’embUe. But 
with stimulation of the sparser nenrones of the dentate nucleus the muscular 
activity will tend to increase progressively as more neurones come under the 
influence of the current through the establishment and extension, by diffusion, 
of adequate ionic concentrations (30, 14), if we assume that Nernst’s theory is 
applicable'to stimulation of the neurones under consideration. 

Comparing the behaviour of the hindlimb muscles on nuclear stimulation 
with that in the ipsilateral flexor reflex, one is struck by the still more marked 
steepness in the asoent curve of the tibialis anterior in the reflex than in the 
nuclear reaction (figs. 13 and 11). Clearly the activation of the motoneurones 



Fie. 18.—Myograms in flexor reflex obtained by faradisation of servo* tibialit at ankle. 
Sec. diet. 90 mm. 
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is prompter and more general in the reflex than in the nuclear reaction; this 
we may attribute to the simplicity oi the synaptic connections of the reflex 
are aa compared with those in the pathways leading from the cerebellar nuclei. 

The powerful after-discharge of the tibialis anterior in the flexor reflex (fig. 
13) forms a remarkable difference from the nuclear reactions, in which, as was 
stated, the absence of this component is particularly striking both in the 
tibialis anterior and in the biceps brachii. After-discharge appears as a familiar 
feature in many reflexes (the stretch reflex excepted), the muscular contraction 
phase being greatly prolonged as compared with that yielded by direct stimu¬ 
lation of the motor nerve (39, 43). Pronounced after-discharge iB an element 
further of reactions evoked from the cerebral motor cortex, although lacking 
in those from the subjacent white matter (35, 39). 

Explanations of after-discharge put forward by Sherrington attribute it 
either to the persistence of excitation at synapses or to the traversing in part 
of reflex pathways more circuitous and complex than those forming the most 
direct route; that a relationship exists between after-discharge and con¬ 
duction through devious reflex arcs is suggested by the observation of Bremer 
and Rylant (4) that strychnine obliterates the after-discharge in the reflex 
electromyogram by its tendency to equalise conduction rates through the 
different arcs. 

The influence of varied synaptic connections and of dissimilar speeds of trans¬ 
mission within the cerebral cortex may with reason be considered operative in 
causing after-discharge when stimulation is applied to the cortical surface; 
but, admitting asynchronism in synaptic conduction in the cerebral cortex, 
we must reason that such does not exist, or must be minimal, at the spinal 
levels of connection of the corticospinal fibres, since subcortical excitation of 
these fibres does not yield after-discharge. 

If we seek to explain the absence of after-discharge in the cerebellar nuclear 
response in like manner, as due to comparatively simple synaptic connections, 
we must admit the existence in the descending cerebellar tracts of greater 
synaptic complexity than in the continuous pathway of the pyramidal fibres; 
thus, whilst tile final terminations of the cerebellar pathways in the cord may 
be quite as simple as those of the pyramidal fibres, the synaptic connections in 
midbrain and medulla oblongata are somewhat intricate; apparently, however, 
these junctions permit of an even and regular transmission of impulses, so that 
after-discharge fails to appear. 

As bearing on this problem the fact must be mentioned that in the absence 
of after-discharge the stretch reflex exhibits a point of resemblance to the 
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oerebellar nuclear reactions and the idea naturally cornea to mind as to whether 
any factors of similar nature may be operative in both oases; but, regarding 
this possibility, further investigations are needed to determine whether tits 
resemblance has any underlying significance. 

A prominent characteristic of the myograms of triceps braokii and gastro- 
memus-soleus is inhibitory relaxation during the period of nuclear stimula¬ 
tion ; the nuclear inhibition is, as already stated, clearly identical with .that 
evokable by faradisation of various parts of the cerebellar cortex, including the 
rostral surface and the median parts situated farther caudally (36,27). These 
oortical areas are connected with the n. fastigii, globosus and, to some extent, 
with the n. deniable, though this latter also receives fibres from the lateral 
cortex (7, 10), regarding the responses of which we have as yet insufficient 
knowledge; still there can be no real doubt as to the identity of inhibitions 
evokable from cortex and nuclei. The nuclear or cortical inhibition, each 
exemplifying one and the same reaction, is obviously allied to the inhibition 
of tone elioitahle reflexly in an extensor muscle (fig. IS). 

In particular, oerebellar inhibition resembles the inhibition of a myotatic 
extensor response evokable by traction on the antagonistic flexor musole (22). 
Like this latter expression of reflex inhibition that from the cerebellum, as 
tested from the cortex, is “ pure,” that is, it is unmixed with any positive or 
augmentor component of influence over the neurones of the inhibited muscles ; 
thus strychnine on intravenous injection (3) or local application (26) to the 
cortex does not obscure the inhibition through the intensification of latent 
motor potentialities. 

Both cerebellar and reflex inhibition require for their demonstration some 
degree of pre-existing tone and both are succeeded by prompt and powerful 
“ rebound ” contractions (38, 40, 0). Like reflex rebound oerebellar rebound 
is central, due to recoil from inhibition to excitation, and is not conditioned 
merely by the actual lengthening of the muscle in the precurrent inhibition; 
thus the muscular lengthening may be slight or even absent and yet the rebound 
may be intense, as in the case of the reflex (40); these facts are illustrated in 
the case of the triceps brachii on stimulation of the *. globosus in fig. 4 and of 
the n. fastigii in fig. 0; in each case, though the precurrent muscular relaxation 
is alight, the rebound is powerful, leading to greater tone than that of the resting 
musole. In prompt incidence and gradual subsidence oerebellar rebound 
resembles reflex rebound. One is inclined to regard the phenomena of 
?* release ” after oerebellar ablation (Luciani’s first stage) as closely allied to 
those of cerebellar rebound; that is, removal of the oarebeUum results in a 
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condition essen t ially equivalent to that which ensues on cessation of cerebellar 
stimulation. 

So far as the muscles of the trunk are concerned we have only observed their 
responses incidentally, but they appear to be homologous with those of the 
limbs; thus, during stimulation of the nucleus there is ventral flexion of the 
body and after stimulation, dorsal flexion or extension, appearing as a powerful 
rebound. Thus cerebellar nuclear stimulation evokes augmentation of tone 
in the flexor muscles with inhibition of tone m the antigravity muscle* of both 
limbs and trunk, to be succeeded by powerful tonus rebound in the antigravity 
group. The two antagonistic muscle groups thus come within the realm of 
positive oerebellar influence, the flexor group during the period of cerebellar 
activity, the antigravity group thereafter. Whilst this statement seems to 
embody the general principles of oerebellar control, we must state that we have 
seen, in a few instances, extension of the ipsilateral forelimb take the place of 
flexion during stimulation of the n. emboliformis (28); for this deviation we 
have as yet no explanation, and flexion, not extension, appears to be the rule 
during the course of stimulation. 

The observation of de Barenne (2) and Raderaaker (32) that hypotonia does 
not develop after cerebellar ablation was discussed in the introduction and was 
shown to offer no difficulty for our view as to the dual nature of cerebellar 
control over postural tone. We can easily picture the cerebellum as influencing 
the postural tone of the living organism, in accordance with the principles 
outlined above. For instance, in the case of an animal changing from the 
standing to the crouching posture, the cerebellum would be called into activity 
so as to assist in augmenting the tone of the flexor muscles, whilst at the same 
time inhibiting the tone of the antigravity musoles; the reassumption of the 
standing posture would be furthered by the contribution of oerebellar rebound 
to the antigravity muscles. 

Extending these conceptions to human beings, we may consider a man 
performing gymnastic exercises consisting in successive squatting and standing; 
the first would correspond to the cerebellar flexor exoitation phase, accompanied 
by inhib i t ,inn of the antigravity muscles, the second or erect posture to the 
phase of oerebellar rebound manifesting itself by increased tone in the anti- 
gravity musoles. Both hinds of oerebellar influence would be superimposed 
on the primary activities of reflex and voluntary origin. Very reasonable 
is the assumption of similar oerebellar contributions to the act of w a l kin g; 
thus the phase of oerebellar exoitation would contribute to the movement of 
flexion, the phase of cerebellar rebound to that of extension. These oerebellar 
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influences over tone we must oonceive as being superimposed on the basic 
activities of progression, themselves determined in the spinal, prespinal or 
cerebral cortical oentres. In the disturbance of these cerebellar inflnenoes 
we may seek the explanation not only of cerebellar ataxia but of such a symptom 
as dysmctria. 

Our observations lead us to conclude that the influence of each cerebellar 
nucleus extends to the greater portion of the muscles, being most pronounced 
ipsilaterally, whilst the control over antagonistic groups is strictly reciprocal 
and coordinated. But the fundamental co-ordinating power resides not in 
the cerebellum but in the various centres, spinal and prespinal in location; 
to the fundamental, though crude, activities of these centres the augmentor, 
inhibitory and rebound influences on tone emanating from the cerebellum axe 
superadded, thus contributing elements of accuracy and refinement to the 
complex phenomena of movement and posture. 

Summary. 

(1) Myograms of muscular antagonists In the fore- and hind limb of the 
decerebrate oat were secured on subjecting the ipsilateral cerebellar nuclei to 
unipolar faradisation. 

(2) The nudeua dentatus yields, during stimulation, increase of tone in the 
biceps brachii and tibiaUs anterior together with inhibition of tone in the caput 
laterale of the triceps brachii and gastrocnemius-sdeus. Following stimulation 
there »immediate relaxation, devoid of after-discharge, in biceps and tibialis, 
together with tonus “ rebound ” in triceps and gastrocnemius-soleus. 

(3) Nudeua emboUformia and n. globosus. The muscular responses evokable 
from these nuclei are closely similar and are of the same kind as those from the 
n. dentatua, though they are more intense. The increase of tone of biceps 
brachii and tibialis anterior during the stimulation is vigorous, whilst the subse¬ 
quent relaxation occurs without. after-discharge. The inhibition of triceps 
brachii and gastrocnemius-sdeus is pronounced and is followed by extensive 
rebound. 

(4) Nudeua foatigii. The myograms from this nucleus resemble those from 
the other nuclei though the various phases are still intenser than in the case cf 
n. emboUformia and globosus. 

(6) The great intensity of the responses evokable from the more medially 
placed nuolei, particularly the roof nuclei, is attributed to the wealth of neurones, 
which come under the influence of the current when the electrode is applied 
above these nuolei. 
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(6) The responses of antagonistic muscles in foie- and hindlimb are co¬ 
ordinated, showing adherence to the principle of reciprocal innervation; the 
fundamental co-ordinating mechanisms are regarded as being infracerebellar 
in location. 

(7) The efferent pathways for reactions from the lateral nuclei consist of 
brachium conjunctivum, nucleus ruber (parviceHulatus and magniceUulatus ), 
rubroreticular and rubrospinal tracts. The pathways from the roof nuclei 
are the “ hook-bundle ” and the “ fastigio-Deiters’ bundle/’ 

(8) The nuclear responses resemble the ipsilateral flexor reflex in respect to 
the inhibitory relaxation followed by rebound in the case of the antigravity 
muscles. These two phases are considered as being of like modality in nuclear 
responses and in the reflex. The nuolear inhibition and that evokable from 
the cerebellar cortex are regarded as being identical. The flexor motoneurones 
show prompter activation in the flexor reflex than in the briskest nuclear 
response. After-discharge is lacking from the nuolear responses in the case of 
the flexor muscles. 

(9) The cerebellar nuclei, on being excited, emit impulses, which augment 
the activity of the motoneurones of the flexor muscles, whilst inhibiting that 
of the motoneurones of the antigravity muscles; after the excitation the tone 
of the latter muscles is intensified through “ rebound.” Cerebellar control is 
thus of a dual nature. 

(10) In daily life similar influences are exerted, flexor tone being increased, 
and antigravity tone decreased, by cerebellar activity, whilst antigravity tone 
is augmented through rebound on suspension of the cerebellar discharge; 
thus, for instance, cerebellar excitation would contribute to the flexor phase 
of the step, cerebellar rebound to the extensor phase. Disorganisation of this 
dual cerebellar control through morbid processes leads to ataxia and such 
symptoms as dysmetria. 

Mr. T. W. Stewart, assistant in the department, executed the histological 
and photographic work for this paper. 

DESCRIPTION OF PLATES 17 AND 18. 

Fus. 1, 8, S and 4.—Sections (oral surfaces) of cerebellum and medulla oblongata of oat, 
showing position of unipolar electrode over the cerebellar nucleus in each experiment. 
EL dent, s El. emboL; El. fastig.; EL glob.: electrode over nudeut deniable, n. 
embeliformie, n. fartigti and n. glbbotue respectively. Nue. dent. : nudeue dentatus. 
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General Account. 

The results of our experiments at Tsinan, in 1926, on the development of 
Jq gjffldfltea fed on infected hamsters, and also on human oases of 
fTimmsir Kala Asar (Patton and Hindis, 1927), indicate that both PUebotomus 
major var. ehinennt and P. sergenti, but especially the former, are favourable 
hosts far Leit h mama. 

Bnjng the «nmmw of 1927 time experiments were continued, employing 
the — t w 4 hnds as those described in the previous reports of our Commission. 
Unfortunately, owing to political disturbances, the laboratory had to be 
moved to Tsmgtao, on the coast, where the only sandflies we succeeded in 
finding foe PkUbotcmu taiarmsis (Patton and Hindis, 1928), and in one 
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house odd specimens of P majot var chtnenns Consequently it was necessary 
to establish a collet ting station m some region where sandflies could be obtained 
in greater numbers and eventuallv Wei luien about 100 miles from the coast 
was selected as the most convenient place * 

The sandflies wen bought from the local inhabitants and were at onoe sorted 
into breeding pots or feeding boxes according to whether they contained 
undigested blood or not Each day the sandflies were Bent to Tsmgtao by 
tram and this method worked fairly satisfactorily so long as the package was 
not overheated as for example by being exposed to the sun as under these 
conditions the flies very soon died Unfortunately a local rebellion interrupted 
communications between Wei hsien aud Tsmgtao for a fortnight at the height 
of the P major season and curtailed the number of experiments we were able 
to make with this specits 

The flies were fed m the manner we have previously described with the 
exception that all the hamsters used for feeding experiments were given an 
injection of urethane previous to the operation This preliminary narootisa 
tion was found to produce more satisfactory results as by its use the flies when 
feedmg were not disturbed by any movements of the animal 

The results of our expertmt nts in 1927 confirm the observations on the type 
of development of Chinese I*\shmanta m the two Chinese species of PUebotomus 
that feed on man In the case of P major var chtnensta the flagellates become 
attached to the wall of the mid gut and usually within three or four days of 
the infective feed may be seen lining the narrow anterior region adjoining the 
oesophagus In a certain proportion of sandflies the flagellates pass forward 
through the oesophagus and then multiply in the pharynx and extend down the 
proboscis Invasion of the pharynx when present usually takes six days 
fron the infective feed although occasionally it was observed after five days 
The persistence of flagellates in the gut of P majot docs not require the presence 
of undigested blood as in many instances flies which had completely digested 
their last meal contamed large numbers of flagellates attached to the lining of 
the mid gut 

P bergmti seems to be an equally favourable host for the early development 
of Chinese Leishmama but in this spe< les the flagellates remain confined to 
the broad postenoi region of the mid gut and do not become attaohed to the 
lining of the ahmentnry canal Also invasion of the oesophagus or pharynx 

* We should like to express our thanks to Dr Fwen of the American Presbyterian 
Mission for much valuable assistance in the establishment of this station and help in 
obtaining cases of knln arar 
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has never been observed. The persistence of flagellates in the mid-gut seems 
to be dependent on the presence of undigested food material, unlike P. major, 
and Consequently when the alimentary canal does not contain any food material 
the flagellates disappear. Many examples are given below in which batches 
of P. sergenti were fed simultaneously on an infective animal, and when dis¬ 
sected after four days’ incubation period all flies that still contained undigested 
blood in the mid-gut were positive, and those which had completely digested 
the meal were negative. 

The examination of between three and four thousand sandflies has shown 
that the above types of development are very constant, and although in one or 
two instances flagellates were seen iu the hind-gut and once in the diverticulum, 
these were such obvious exceptions that their presence was probably the result 
of accidents. Although carefully looked for, no trace of intracellular develop¬ 
ment in the wall of the alimentary canal was ever observed, nor any invasion 
of the salivary gland. In P. sergenti the infection remains confined to the mid¬ 
gut, whilst in P. major var. chtnensis the flagellates, in addition, extend forward 
and may invade the pharynx and proboscis. 

Feeding Experiments on Human Patients. 

During 1927 only four patients were used for feeding experiments, as partly 
owing to the widespread disturbances and also to the general distrust of new 
treatment, it was almost impossible to persuade anyone to come to the 
laboratory. 

Kala Azar has not yet been recorded from Tsingtao, and although a tour 
of the neighbouring villages was mode, no cases were found in the immediate 
vicinity About fk) miles to the north and north-west, however, many villages 
were found to be infected, and m particular a town, Nan-Tsun, where, in a 
brief survey, numerous cases were observed. Also this place had a record of 
numerous deaths from Kala Azar, and the local official was very desirous of 
our opening a treatment centre in the town. As this was not possible, with 
great difficulty we managed to persuade four patients to come into Tsingtao 
for treatment. The results of feeding sandflies on these patients, who all had 
well-marked symptoms of the disease, are given below, from which it will 
be seen that two gave positive results and two negative. 

Case 1.—This patient, a woman, stated that she had had the disease for 24 
years, but recently the symptoms had become worse. Treatment with intra¬ 
venous injections of <( Stibosan ” for a period of fi weeks produced an un¬ 
interrupted recovery A total of 44 P. major var. chinensis and 160 P. sergenti 
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were fed on this patient on four separate occasions, and disseited after suitable 
intervals with entirely negative results 
Case 2 —This patient, a boy about 11 years old, first showed signs of the 
disease in April, 1927, and came to the laboratory on July 1 Sandflies were 
fed on six occasions with the following results — 

July 1 —Fed 49 P seryenlt and 12 P major, which were dissected after intervals of 
4 and 6 days respectively One P major showed a very slight infection of the 
mid gat bat ail the other sandflies were negative 
July 2 —14 P major fed and dissected after intervals of 4, 5 and 8 days One 
individual disscoted after 5 days showed a few flagellates in the mid gat, which 
were inooulated mto a hamster with negative results The other flies were all 
negative 

July 4 —IIP major fed and dissected after intervals of 2, 5 and 6 days One 
individual, dissected after 6 days was positive in the mid gut, the others were 
all negative 

July 16 —11 P srrgenti fed and dissected after 4 days were all negative 
July 18 —8 P sergentt fed and dissected after 3 days interval Six flies wen negative 
and two positive m the mid gut The contents of these flies wen inoculated 
mto a giant hamster, with negative results 
July 19 —21 P acrgcnU fed and dissec ted after 3 days* interval All negative 

It will be seen that a total of 89 P sergentt and 37 P ntajot were fed on thift 
patient and in only two of the former and three of the latter species was there 
any subsequent development of flagellates 

Case 3 A woman about 40 years of age in a very advanced stage of the 
disease Treatment with Stibosan ” was begun on July 5 Sandflies were 
fed on six occasions as follows — 

July 2 —Fed A P major and 24 P ttrgtnlt The latter were all dissected alter 4 
days interval and one was positive in the mid gut, the others were negative 
The P major were examined after intervals of 4 days, 10 negative 5 days, 12 
dissected of which 3 positive in mid gut and 0 negative, 9 days 3 dissented, of 
whioh 1 positive and 2 negative, 7 days, 12 dissected, of which 3 positive and 9 
negative The oontents of the positive flies wen inoculated mtrapentoneally 
into three hamsters with negative results 

July 4 —30 P serpent* fed end disseoted after an interval of 4 days All negative 
July 19 —2 P serpent* fed and disseoted after 3 days' interval Both negative 
July 17 —13 P serpent* fed and dissected after 3 days interval All negative 
July 19 —17 P sergnUt fed and dissected after 3 days' interval 10 were negative 
and 1 positive in the mid gut, whioh was inooulated into a hamster with negative 
results 

August 1 —29 P serpent* fed and dissected after 3 days’ interval All negative 

A total of 37 P major were fed on tins patient, of which 7 subsequently 
showed development of flagellates m the mid-gut, and 115 P sergetUt, of 
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which only 2 were positive, but many of these flies were 1 fed after the treatment 
had begun. 

Case 4. - A totul of HO P. serqrnh were fed on tin* patient, a woman, on 
three separate occasions, and in each cast* dissected after an interval of 3 days. 
All the flies were negative. 

If we compare the results of finding sandflies on patients infected with the 
Chinese strain of Kala Azar with those infected with the Indian strain, a greut 
difference is observed in the number of flies which subsequently show develop¬ 
ment of flagellates. Young and Hertig (1926) in their experiments obtained 
entirely negative results when P. major were fed on human cases, and Young 
has used these negative results as an argument against, the view that sandflies 
are responsible for the spread of the disease iu China 

Although wo obtained positive results in both 192G and 1927 by feeding 
sandflies on human patients infected with Kala Azar, only 4 out of 14 patients 
were infe«*tivc to these insects, and even in these 4 the proportion of sandflies 
that showed any subsequent development of flagellates was only about 5 per 
cent. It is evident, therefore, that the Chinese strain of Leishmania is less 
infective to Phlebotomus thun the Tudian strain. This difference seems to be 
correlated with si lower degree of virulence, for m human beings the Chinese 
strain produces a more chrome tyj>e of disease than the Indian strain of Kala 
Azar. 


Feeding lixpemnents mth Handlers infectid With Vhna\se Kala Azai. 

The results of ieeding sandflies on human patients, all in advanced stages 
of the disease, gave such a large number nf negative Jesuits that in 1927 especial 
attention was directed towaids the influence, d any, of the nature of the 
infection in the vertebrate host. Consequently the infected hamsters were 
not specially selected as in the previous year, oh we wished to find out what 
factors influenced the de\eloprnent of flagellates in sandflies that had ingested 
the blood of animals suffering from leishmaniasis. 

The results of our experiments with both P . major and P. mgenti are 
summarised in Table I, which gives the number of each hamster, the size 
of the spleen, the number ot parasites m the liver, spleen and bone marrow 
respectively, anil the duration of the infection from the date of inocula¬ 
tion to the date of the first feeding experiment. In the case of P. major 
records are given of the number showing infection of the pharynx. P. sergenti, 
which was the only species available for the later experiments, is not such a 
good test for infcctivity as P. major, since the flagellates die out as soon us the 
vou. cm.— b. 2 T 
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blood is digested. Consequently, it is necessary to strike a mean between the 
most favourable period for the development of the flagellates, and the time 
taken to digest the blood. In practice, the flies were left for 3 or 4 days and 
*whcn dissected any that contained no trace of food material (which were 
invariably negative) were deducted from the total number. In Table 1 the 
number of these empty flies is indicated in brackets after the total number 
dissected. 

Hamter No . 331. 

The results of feeding experiments with this hamster are given in detail 
&b it represents one showing & very high degree of inf activity to sandflies. 
The animal was inoculated intraperitoneally on May 10, 1926, with flagellates 
from a 4-day old culture. Eight months later parasites were found on liver 
puncture, and on May 20, 1927, parasites were also found in the peripheral 
blood. Subsequent examinations of the blood in June were sometimes 
negative and sometimes positive 

Phkbotbtnuu nvijoi were fed on this anunal on various dates, with the follow¬ 
ing results. - 

June 10.- 7 fed and 1 dinaorted after 2 davs and the othen* after 6days. AU heavily 
infeoted and the 0 individuals dissected after 0 days all showed anterior growth 
of the flagellates. One fly showed a heavy infection in the pharynx extending 
to the tip of the proboscis. The contents were inoculated into 3 hamsters with 
negative results. 

June 15.—10 fed and dissected after intervals of 3, 5, 6, 7 and 8 days, respectively. 
With one doubtful exception all the flies were heavily infected with flagellates, 
and 10 dissected on the seventh and oighth days all showed infection of the 
pharynx and proboscis. The contents of these flies were inoculated into A 
hamsters with negative results. 

June 21.—9 fed and dissected after intervals of C, 6 and 7 days, respectively. A1L 
heavily infeoted up to the oesophagus but not m the pharynx. Contents inoculated 
into 3 hamsters with negative results. 

June 26.—16 fed and dissected after intervals of A and 6 days. Fourteen were heavily 
infeoted, 4 in the pharynx, and 2 were negative. The contents of these flies were 
inoculated into 3 hamsters and one of these, inooulated intraperitoneally with 
flageUates from 4 infected flies fed H days previously, became infected with 
LeMmanta. The other two were negative. 

July 1.—30 fod and dissected at intervals of 3 to 0 days. Omitting obviously degener¬ 
ate examples all were heavily infected, and from the seventh day onwards 3 out 
of 16 were positive in the proboscis. Their contents were inooulated into 5 
hamsters and the flies re-fed on normal animals with negative results. 

July 8.—6 fed and dissected after intervals of 4, A and 6 days were all positive. The 
contents of one were inoculated into a hamster with negative results. 

July 16.—3 fed and dissected after A days* interval. All positive, one of them show¬ 
ing flagellates in the pharynx. These were inoculated into a giant hamster with 
negative results. 
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Julff 28.—5 fed and dinected after 3 and 4 days’ interval. All positive, bat not in 
pharynx. The oontents were inoculated into 2 hamsters with negative results. 

Jydff 27.—2 fed and dissected after 3 and ft days’ interval, respectively. The latter 
was heavily infected in the oesophagus; the contents were inoculated into 2 
hamsters with negative results. 

August 1.—3 fed and dissected after intervals of 3, 4 and 7 days. Two positive and 
one negative, but degenerated. The contents were inoculated into two hamsters 
also the flies re-fed on a normal hamster with negative results. 

Summarising the results of these experiments it will be seen that 100 P. 
major were fed on this hamster, all of which, with one or two doubtful exceptions, 
showed a heavy infection with flagellates in the mid-gut. In every ease the 
flagellates had grown forward to the anterior end of the mid-gut, and out of 67 
flies that were dissected after an interval of 6 or more days from the infective 
feed, 16 of them, approximately one quarter, showed flagellates in the pharynx 
and proboscis. Although no hamsters were infected by the bites of these 
flics when re-fed, in one instance a typical infection with Jsetihmania was 
produced by the intraperitoneal inoculation of the contents of four infected 
flies. 

PhleboUmus sergenti were fed on this hamster on four occasions as follows :— 

t 

Jvnr 10.—10 fed and dissected after 2 and 3 dajs Mere all positive in the mid-gut* 
The contents of ft flies dissected on I he third day u ere inoculated intraperitoneally 
into a hamster which became infected ami wan heavily infected when examined 
0 months later. 

JuHf 15.— 30 fed and dissected at intervals of 3 and 4 days. Klevcn flies were empty f 
and consequently negative, but the remaining 28 all contained numerous flagellates. 
The oontents of 27 positive fliea, fed 3 days previously, were divided into two 
portions and one insulated intracntancoualy* and the other intraperitoneally 
into two hamsters. The hamsters whit h received the intracutaneons inoculation 
remained uninfected, whilst the other anunal, inoculated intraperitoneally, 
showed a heavy JjnsJinania infection when examined after an interval of Six 
months. 

AitguH 8.— 0 fed and dissected after 3 U.ivn. Seven positive And two empty ones 
negative. The contents of one of t he mfeeted flies w ere inoculated into a hamster 
with negative results. 

August 14.—14 fed and dissected after 3 d«na' intennl. Seven positneand 7 empty 
ones negative. 

It will be seen that 72 P. sergenti were fed on this animal and, with the 
exception of 20 empty flies, every individual when dissected showed flagellates 
in the mid-gut, and in two instances infections were produced in hamsters 
by the intraperitone&1 inoculation of the contents of infected sandflies. 



608 


E. Hindle. > 


Correlation between Skin Infection and Iwfectimty to Sandflies. 

The certainty with which sandflies became infected when fed on the above 
described hamster was so remarkable that a careful examination was made of 
this animal in order to see if any explanation could be found of this high degree 
ot mfectivity. The most obvious explanation seemed to be the presence of 
parasites in the peripheral circulation, and therefore films were made of the 
blood at the same time as the sandflies were fed. No correlation oould be 
found between the presence of parasites m the blood and the development of 
flagellates in the sandflies that led on the hamster. The blood films were 
negative for Leishmania on three occasions, when all the sandflies became 
infected, and although the blood was positive on four other occasions, the 
parasites were so rare that their numbers were insufficient to explain the 
development of such large numbers of flagellates as were present in the insects 
after only 3 days. Consequently, when the hamster died all its organs were 
carefully examined and it was found that the sub-dermal layer contained 
incredibly large numbers of Leishmania, in certain regions the infeotion being so 
intense as to produce nodules closely resembling those of Oriental Sore (see figs. 1 
and 2) A section of a typical part of the skin of this hamster is shown in figs. 3 
and 4. The parasitised endothelial cells, clasmatocytes, are seen to have 
migrated from the peripheral blood vessels into the surrounding tissue and in 
fig. 3 may be seen arranged concentrically around one of the vessels, ft is 
evident that in feeding, the proboscis of the sandfly must pierce some of these 
infected cells and the contained parasites be ingested. 

In addition to this hamster No. 331, several other animals were examined 
to see whether there was any correlation between the presence of Leishmania 
in the skin and the number of sandflies that became infected when fed on these 
hosts The results clearly indicate that there is snch a correlation for, with 
one exception, parasites were found in the sub-dermal tissues of all animals 
that were infective to sandflies, whilst conversely, no matter however intense 
the infection ot the internal viscera, unless parasites were present in the skin, 
insects fed on Buch hamsters remained negative. Hamster No. 800 is an 
example of an animal with a very slight infection of the liver and bone-marrow, 
and the spleen was negative, yet 6 out of 13 P. sergenti that were fed on it 
Bhowed development of flagellates. Blood films made immediately after the 
feeding experiment were negative, but when sections of the slrin were examined 
a moderate infection was found to be present. 

Hamsters Nos. 866, 860 and 883 are good examples of animals in which the 
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liver, spleen and bone-marrow were very heavily infected, but which gave 
negative results when sandflies were fed on them. The examination of the wirin' 
in these cases, and also in all others in which the hamster was negative to 
sandflies, has never resulted in the discovery of Leishmania in the subdermal 
tissues. One individual, hamster No. 922, which had been inoculated only 
one month previously, gave positive results when sandflies were fed on it, but 
no parasites oould be found in the portion of skin e xamine d by us. The 
examination of the blood, however, was negative and one is compelled to awmime 
that in this individual the skin infection was very localised and the flies fed 
on a particularly favourable region. 

In view of the undoubted fact that parasites may sometimes be present in 
the peripheral blood, although in extremely small numbers, the sandflies may 
occasionally derive their infect ions from this source, but there iB such a marked 
correlation between the number of parasites in the skin and the proportion of 
flies becoming infected that in the majority of cases the infection would seem 
to be derived from the skin 

Bristow of Strains of Varying Degrees of Virulence. 

The extremely variable results obtained by feeding sandflies on hamsters 
inoculated at the sarno time with similar doses of infective material is shown 
in the above table, and clearly indicates the importance of the vertebrate host 
in producing variations in infectivity towards the insect host. It seemed of 
interest, therefore, to see if there was any evidence of the existence in nature 
of human strains of varying degrees of virulence. With this object a number 
of hamsters were infected by inoculating them with the material obtained by 
liver puncture of patients suffering from Kala Asar, Five strains were thus 
isolated, subinoculated into other hamsters, and then tested as regards their 
infectivity to sandflies. 

Human Strain A .—On May 19, 1926, a hamster was inoculated intraperi- 
toneally with liver puncture material from case No. F 1084*, a typical case of 
Kala Asar in a Chinese patient. Ten months later this hamster was killed 
and examined for Leishmania. The spleen was only moderately enlarged, 
but the liver, spleen and bone-marrow contained large numbers of parasites. A 
saline suspension of the liver and spleen of this animal was subinoculated into 
12 hamsters, care being taken to give each animal the same dose. 

’ The oase numbem are those of the Hospital of the Shantung Christian University, 
Tsinan. 
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The following table indicates the results of the inoculations, and also the 
percentage of sandflies that became infected when fed on these animak:— 


Table II. 




Nos nit of post-mortem examination 


Intel val 





Number 

between 





of 

Inoculation 


Number of parasites in— 

hamster 

and 

Size of 





death. 

spleen 

Laver. 

Spleen. 

Bone- 

marrow. 

A 1 

ft months 

Much enlarged 

+ 

+ 

++ f 

A 2 

1 day 

— 

— 

— 

— 

A 1 

10 days 

Normal 

f 

+ 

Neg. 

A 4 

5 month* 

Enlarged 

4- 

+ 

+ 

A ft 

10 days 

Normal 

Neg 

Neg. 

Neg. 

A e 

ft months 

Mach enlarged 

4-4- 

4-4- 

f + 

A 7 

ft months 

Enlarged 

+ + 

4- H 

4-4- + 

A 8 

ft mofttha 

Muoh enlarged 

+ + + + 

4-4-4- + 

4 + + +■ 

A 0 

ft months 

Much enlarged 

+ 4 f f 

+ + f h 

4-4-4-4- 

A 10 

4 months 

Enlarged 

+ 

+ 

Neg 

All 

2 months 

Enlarged 

+ 

f 

+ 

A 12 

ft months 

Mach enlarged 

4- h 

+ f 

4-4- 


Percentage 

showing 
fliflrUitf 
when fed on 
hamster. 


00 per cent. 


None. 


None. 

31*3peroent» 
87 per cent. 
33 percent 
0 per cent. 

23 per cent. 


Human Strain B .—On May 1, 1926, hamster No. 305 was inoculated intra- 
pentoneally with liver puncture material from case No. F I486, and killed on 
March 14, 1927. The spleen of this animal was very much enlarged and the 
liver and spleen contained enormous numbers of parasites. The bone-marrow 
was only moderately infected. A liver and spleen suspension was inoculated 
intrapentoneally into 12 hamster*, each receiving an equal quantity of infective 
material. 

The results are indicated m the following table .— 
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Table III 


Number 

of 

fcanuter 


Interval 

between 

inoculation 

and 

death 


Result of poet mortem examination 


Percentage 


Sue of 
spleen 


Number of parasites in— 

UvPT S P lpen I 


showing 
flagellates 
when fed on 
hamster 


B 1 
B 3 
B 9 
B 4 
B 5 
B 0 
B 7 
B 8 
B 0 
BIO 
BU 
BIS 


A months 

Slightly enlarged 

Nog 

Neg 

Nog 

None 

A months 

Enlarged 

1 M M- 

1 r "i 

1-4 

S 7 per cent 

A months 

Enlarged 

4-1 

J- 

t 

None 

7 days 

Normal 

+ 4 


Nog 

— 

A months 

Enlarged 1 

+ + + + 

h + 4- 1 

44 + 

93 3 percent 

2 months 

> nlarged 

t 4 

4-+ M- 

4 4 


A months 

2 days 

Noimal 

1 > nlarged 

H + 

t- 


10 per cent 

A months 1 


+ 1 

h + + 


20 per cent 

2 months 

3} months 

F nlarged 1 

b nlarged 

*- i \ 

1> egene rated 

Net, 

A months 

| 1 nlarged 


i 1 

■f + 4 + 

| >0 per cent 


Human Straw C —On June 18 1926 hamster No 429 was inoculated mtra- 
pentoneally with liver puncture material from case No F 1734 and killed on 
March 15, 1927 Th< spleen of the animal was much enlarged and both liver 
ind spleen contained very large numbers of IscuhiMma 
Twelve hamsters were inoculated from this animal and the results are 
indicated m the following lablt 


Tabic IV 


Number 

of 

hamster 


1 itei val 
btlween 
inoc ilation 
and 
death 


Result f p( Bt mortem ex&xmnati n 


J er entage 
of 


Sire of 
spleen 


Number of parasites in— 


1 ner 


Spleen 


Brne 
maim * 


showing 
fUgrUates 
when fed on 
hamster 


C 1 

3| moi ths 

I nlaLg d 

4+ + 

f 

C 2 

2 months 

Normal 

Nog 

^ h 

t 3 

A months 

Fnlaiged 



0 4 

0 days 

Normal 

H 

Neg 

C A 

31 moi ths 

Mach ii larged 

+ 

T 

C 6 

A weeks 

Ei 1 at god 

H 


0 7 

A months 1 

Much enlarged 

H + + + 

+ b b 

0 8 

A months 

1 Much nla god 

f b 


c e 

A months 

Slightly enlarged 

-h 

Neg 

C 10 

3} months 

Enlarge 1 

t f \ 

b b f 

C 11 

A months 

b nlarged 

f b 

r b 

< 12 

5 months 

Slightly ci laiged 

Neg 

b 


1 t 

Nog 

Ng 

N«g 

4 

Nog 

44 + 


N«g 

f + 4 + 
1 

Nig 


None 

None 

1 out of 0 

None 

None 

None 

None 

None 

None 
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Human Strain D —On July 6, 1926, hamster No 468 was inoculated mtra- 
pentoneallj with liver punoture material from rase No F 1836 and killed on 
March 15 1927 The spleen of this animal was enlarged and the liver, spleen 
and bone marrow all contained ver\ large numbers of parasites 
Twelve hamsters wen monilated from this animal and the results are 
in heated in the following table — 


Tabk V 


Result of post mortem examination 
Intenul __ 

L 1_ 


Nnmbei 

between 

i 




f 

inoculation 


Number of paiautea in— 

har < *ter 

| and 

^IK> of 

1 




death 

spleen 

1 Laver 

| 

Hatia 





Spken 

iniuc 

marrow 

D 1 1 

' 0 months 

Slight h onlaignl 

+ + t 

| 1 

n + 

D 2 

0 moot ho 

Much enlarged 

\ A + 

+ M- + 

+ + 4 

D 3 

0 months 

| Slightly enlarged 

1 

4 

Neg 

D 4 

2 months 

> margod 

A 

1 

Neg 

D 5 

0 months 

Enlarged 

b + + t 

4 + h 1 

f H ++ 

D b 

5 months 

Enlarged 

4 1 4- 1- 

4 - +-*-+ 

H—H + 

I) " | 

0 months 

Much enlaiged 

4 

h 

+ 

D 8 1 

3} m ntl h 

Slightly enlarged 

4- 

Degen crated 

D 9 1 

| 5 months 

Much enlarged 

1 H 

I H + 

+ + 

DIO 1 

SJ months 

Slightly enlarged 

+ 

1 +t 1 

1 

Dll 

0 months 

Much enlarged 1 

' 1 M- 

+ 1 f | 
1 

h + + + 

D12 

5 months 

Mnoh enlarged ] 

+ + 

-* 1 

+ 


Percentage 

of 

sandflies 
showing 
flagellates 
when fed >n 
hamsti r 


None 

None 

None 


None 

None 

None 

None 

None 

2 out of 19 


(- 11 ) 

1 out of 18 


(- 12 ) 

None 


Human Strain E —On June 18 1926, hamster No 430 was inoculated rntra 
pr ntoneally with liver puncture material from case No h 1733 and killed on 
March 15, 1927 The spleen of this animal was considerably enlarged, but 
the liver and spleen contained only small numbers of Leishmama and the bone 
marrow was negative Twelve hamsters were inoculated from this animal 
with the following results — 
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Table VI. 


Number 

of 

hum ter. 


E 1 
E 2 
E 3 
E 4 
E 5 
E 0 
E 7 
E 8 
E 

E 10 
E 11 
E 12 


Intel val 
between ' 
inoculation 1 
and 1 
death. 


Result of 


Sue oi 
Hplecn 


6 weeks 
5 months 
A months 
0 months 
I 5 months 

3 months 
5 months 
fi mouths 
5 months 
(J week* 

5 months 

4 months 


Slightly enlaigod 
I Not enlarge d 
Not enlarged 
Not enlarged 


Khghtly enlarged 
Slightly enlarged 
Slightly enlarged 



Normal 
I Not enlarged 
Slightly enlargid 


post-mortem examination. 


XumlxM of paiasites in — 


| Li\oi. 


I Nik 
f 

Neg 

Nig 

\ 

I 

I 

Neg 

Nig 

N-v 

Nig 


Spleen. 


Neg 

I- 

Neg 

\eg 

r 

i 

1 I 
Aig 

\ 

NV« 

Ntg 


Bone- 

inarrow. 

NVg 

i 

Neg 

Neg 

Neg. 

I 

Neg 

Nog 

Neg. 

Nog 

Nog 


Percentage 

of 

sandflies 
showing 
flagellates 
when fed on 
hamster. 


None. 

None, 

None. 

None. 

None. 

Nono, 

None. 

None. 

None. 

None. 


A comparison of these five strains A to E shows what different degrees of 
virulence arc* mot with in nature. All hve patients were advanced cases of 
Kala 4zar with no obvious differences in the clinical symptoms, yet by sub- 
inoculation into hamsters very different results werp obtained os regards the 
infectivity of the parasite. 

Strains A dnd B both possess a (omparativelv high degree of infectivity to 
hamsters, and also to sandflies fed upon them, for in strain A six out of eight 
animals were infective to sandflies, and in strain B five out of six. It is note* 
worthy, moreover, that in strain A a high degieo of infectivity to sandflies 
might be associated with a mild infection in the hamster, at> in experiment 
A 1. Strain C shows a high degree of infectivity in the vertebrate host, for 
all the hamsters inoculated except oue became infected with Ijetshmania in 
varying degrees of intensity. With the exception of one insect, however, all 
sandflies fed on these animals remained negative, so in this strain a high degree 
of virulence in the vertebrate host is accompanied by an almost complete 
lack of infectivity towards the insect host. Strain D also shows the same high 
infectivity towards the vertebrate host, and low infectivity to the sandfly. 

Strain E is an example of one with a very low degree of infectivity in the 
hamster, and also in the sandfly, for none of the insects fed on animals infected 
with this strain showed any development of flagellates. 

The presence of such different strains, revealed by the detailed investigation 
of only five cases of the disease, suggests that in nature a similar, if not greater. 
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range of variation may be expected to occur. The different resulte obtained 
by feeding sandflies on patients, as described above (p. 601), also supports this 
view, and most of the Chinese cases that we have examined would seem to 
possess a comparatively low degree of infectivity to the insect host. 

The occurrence of strains of sucb varying degrees of virulence doubtless 
explains the epidemiology of the disease, which, as is well known, is very 
unequally distributed in the endemic areas. 

Other things being equal, when a strain with a high degree of infectivity is 
present, a large number of cases may be expected to develop in the neighbour¬ 
hood, but when, as is the general rule in China, the strain has only a low degree 
of infectivity, very few cases will occur; so one finds occasional villages in 
which a considerable proportion of the inhabitants are infected, but in the 
great majority of the towns or villages only three or four cases will be present 
in each. It is suggestive of different degrees of virulence that in highly infected 
villages the disease is much more feared, and according to local reports seems 
to be more rapidly fatal, than in regions where only isolated cases occur. 

Transmission Experiments in 1927. 

The methods used in 1927 were identical with those employed by the Kala 
Axar Commission during the previous year and described by Hindle and 
Patton (1927). 

Experiments with Pkleboiomua major var. chtnenais. 

(а) Feeding Experiments. —Twenty-six hamsters \tere exposed to the bites of sand¬ 
flies which had fed on infected hamsters, respectively, 3, 4, 5, 6, 7 and 8 days 
previously. In every case the flies were proved to contain flagellates by subse¬ 
quent dissection, and in one instance, S 151, these parasites produced infection 
when inoculated intrapentoneally into another animal. All the hamsters 
remained negative alter intervals of approximately 0 months. 

(б) IfUraaiianeona Inoculation .—Five hamsters were inoculated intracutaneously with 

the contents of infected sandflies at various intervals after their infective feeds, 
but all the animals remained negative. 

<c) Intraperitoneal Inoculation .—A total of 124 hamsters were inoculated intrapen¬ 
toneally with saline suspensions of the gut contents of one or more sandflies that 
had fed on an infected animal respectively 2 to 10 days previously, some of tho 
flies having re-fed once or twice. Seven of these animals subsequently became 
infected *ith Letahmanta, and the particulars of these positive experiments an 
os follows:— 

Experiment 8 92.—Hamster inoculated intraperitoneally with contents of seven 
infeoted sandflies fed 6 days previously on infected hamster 141 and kept at 
25° C. Six months later this animal was killed and found to be heavily infeoted 
with Leishmonio. Two other hamsters each inoculated with the oontents of a 
single infeoted sandfly from the same batch remained uninfected. 
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Experiment S 104,—Hama tor inoculated intr&peritoneally with contents of five 
infected sandflies, fed 6 days previously on infeotod hamster 331, and kept at 
25° C. Six-and-a-half months later the animal was killed and found to bo woil 
infected with l^iskmanxa. Two other hamsters inoculated with the contents of 
sandflies from the same batch remained negative, although one of them received 
the contents of four, and the other of fi\e, infected uisectH after 5 and U days’ 
interval, respectively. 

Experiment S 151.— Giant hanmlir, inoculated intrapentonealh with contents of 12 
infected sandflies, fed 7 days previously on infected hamster 382, and refed 4 
days previously on u normal animal; one fly was refed a second time the day 
before it was dissected. The flies were kept at 25° C. Nearly 7 months later 
the hamster was killed and found to be moderately well infected with Leishmania. 
Four hamsters that had been exposed to the bites of this batch of sandflies 
remained negative and also three other animals that received inoculations of 
the contents of infected flies. 

Experiment S Lfl7. -Hamster, inoculated inlraporitoneally with the contents of one 
Infected sandfly fed 0 days previously on infected hamster 141 and re-fed 4 days 
later on a normal animul. The flies were* kept at 25" 0 Six months later the 
hamster was killed and found to have a very slight infection with Lriehmanta, 
Two other hamsters also inoculated with the contents of infected sandflies from 
the same bal< li remained uninfected, and ulso two other animals exposed to the 
bites of infected sandflies. 

Experiment S 173 —Giant hamster, undulated mtraperitoiie&liy with contents of six 
infected sandflies fed 0 days previously on infected hamster 141 and kept at 
26° C. Six months later this giant hamster was killed and found to be moderately 
well infected with Irishman to Another giant hamster inoculated with the 
contents of six flies from the same batch, which wore dissected the previous day, 
remained uninfected. 

Experiment H 184.—Giant hamster, inoculated intraporitono&lly with contents of 
three infected sandflies fed (J days picviously on infected hamster 738 and kept 
at 27° C. Six months later this animal was killed and found to be heavily infected 
with Leishmanta. Another giant hamster inoculated with the contents of three 
flies from the some batch 5 days after the infective feed remained negative, and 
also one exposed to the bites of these flies. 

Experiment & 215.—Giant hamster, inoculated intrapentonealiy with the contents of 
one infected sandfly fed 5 days previously on infected hamster 738 and kept at 
28° 0. The animal was killed nearly A months later and found to bo heavily 
infected with Leiakmania. 

Experiments wxtk P. sergentt. 

{a) JrUracuiantoiib [noculeUum .—Forty-one hamsters were inoculated ultracutanoously 
with flagellates from the guts of sandflies previously fed at various intervals on 
infected hamsters. In every cose the animaU remained negative, although in 
one instance, when the same dose was inoculated intrapentonealiy, the hamster 
became infected with Lewhmama, 

(6) Intraperitoneal Inoculation— Forty-eight hamsters were inooulated intraperi- 
tOMslly with saline suspensions of the gut contents of one or more sandflies 
previously fed on infected hamstern at various intervals. Two animals 
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subsequently lx came infected with Ltiahmama and particulars of these expert* 
mentu are given below — 

kxpertmeiU 8 10 —Hamster, inoculated intrapentoneally with contents of eight 
infected sandflies fed 3 days previously on infected h«nxW No 331 (see above) 
and kept at 26° C Six and a half months later the hamster was killed and found 
to bo hoavily infected with Lmshmanta 

h epmmeni S 43 —Hamster, inoculated with contents of 27 infected sandflies fed 4 
days previously on hamster No 331 (see above, p 606) and kept at 26° C (br¬ 
and a half months later this hamster was killed and found to be very heavily 
infected with lna\manxa 

Discussion of Ttanstnission Experiments 
The result* ot these experiments with both species of sandflies show that 
Lctshmama in an infective state may develop in the alimentary canal of insects 
which have fed on animals suffering from this disease The negative results 
of the feeding experiments agree with those obtained last year, but in no degree 
invalidate the author’s view that m China Phlebotomus major var chtnnms is 
responsible for the transmission of Leuhtnama Experimental diffb ultios 
prevented os from exposing hamsters to the bites of large numbers of infected 
sandflies at the same time, which must often occur in nature when a person 
may be bitten by a hundred or more sandflies in the course of a single night 
Mori over the subcutaneous method of inoculation has been shown to bo 
much less liable to produce infection than the intrapentoneal one, and in the 
case of hamsters inoculated mtrapentoneally with the whole contents of 
varying numbers of infected P major only 7 out or 124 or approximately 
1 in 18, became infected. 

Congenital Transmission 

The occurrence of Kala Axar in Chinese infants which, by reason of their age 
could not possibly have been exposed to the bites of sandflies, shows that other 
methods of infection must take place occasionally One of the most striking 
of these cases, for particulars of which I am indebted to Dr Lei of the London 
Mission Hospital Tientsin, is recorded m detail 
The patient, a four months’ old Chmese baby was brought by its mother to 
the out-patient department of this hospital on March 19, 1926 On oxamina 
tion, the spleen was found to be greatly enlarged extending half way across the 
abdomen, and the child was verv anemic and emaciated The mother stated 
that she first noticed a lump in the abdomen about two months previously, 
and the baby was then taken to a local Chinese practitioner who diagnosed the 
affection as “ P’l Chi,” or spleen disease “ In spite of taking a good deal of 
Chinese medicines the baby showed no improvement, suffered from diarrhoea 
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and grew thinner In view of the age of the child Dr Lei was doubtful as 
to its being a case of Kala Azar and therefore made a spleen puncture in l 
found abundant Lcuhmania 

The mam interest of this < ase lies m the fact that it could not possibly 1 ive 
been exposed to the bites of sandflies as their season ended approximal ly 
two months before tho child was bom Although the mother showed no 
obvious signs of disease it is difficult of explanation except on the hypothesis 
of oongemtal transmission Low and Cook (1926) recorded a case of Indiui 
Kala Azar in a child born in England and there can be no doubt that m 
this patient the infection was derived from the mother who was ako infeett d 

In the Tientsin case mentioned above the early devt lopment of the dis ise 
after only eight weeks strongly supports the view that iniection took place 
in utero even though the mother was not shown to be mfectel Dr Marshall 
Hertig kindly informed me of a similar case at Hsu Chowfu m which the 
patient a five months old child was successfully treat d for Kala Azar at the 
local mission hospital This infant also from the date of its birth could never 
have been exposed to the bites of sandflies During 1927 enquiries were made 
in the neighbourhoo 1 of Wei hsien where Kala Azar is nd mic and other cases 
discovered of infants with large spleens that coul 1 not have been bitten by 
sandflies Although we were unable to obtain punctures of these cases the 
clinical symptoms were characteristic of the disease Moreover the splenic 
enlargement in children was so well known in the neighbourhood as to have 
reoeived a special name Nai P l or milk spleen Many of the inhabitants of 
endemic villages including our assistant Mr 1 ang I an Chow record having 
suffered from this splenic enlargenu nt m infancy and state that the disease is 
often fatal 

Although the evidence is incomplete there seems to b n> other obvious 
explanation of this splenomegaly except Kala Azar and one is led to assume 
that not only may the disease be transmitted congenitally but also a 
number of canes recover from the infection without treatment Apart from the 
statements of persons who seem to have had the disease and recovered from 
it we have met cases of undoubted Kala Azar m which the patients stated that 
they had suffered from enlarged spleen for many years—m one case as long as 
26 years— a n d it is only a slight step from such a chromo infection to ont which 
is no longer fatal 

Tfrr parimflnfa ^th hamsters support the view that a certain number of cast s 
recover without treatment as a small proportion of these anim al s became 
negative after having been shown to bo infected Attempts to demonstrate 
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oongenital transmission in these animals failed, as we were unable to gat them 
to breed in captivity. A dog which was heavily infected with Chinese Sale 
Asar, the result of inoculation, had a litter of three pups which were stillborn, 
but the microscopic examination of smears from their organs, and also cultures, 
were negative. 


Summary of Results. 

1 Phlebotomiu majoi var. chtnensts is the most favourable species for the 
development of Leishmania, and in this insectf the flagellates become attached 
to the lining of the mid-gut and grow forward until they reach the anterior 
part of the gut. Invasion of the pharynx usually takes 6 days and under 
favourable conditions about 25 per cent, of the flies show a proboscis infection. 

2. PhlAotomus sergenti is an equally favourable host for the early develop¬ 
ment, but in this species the infection remains confined to the broad posterior 
regions of the raid-gut, does not beotne attached to the lining of the gtit, and 
never invades the proboscis. The infeotion is dependent on the presence of 
undigested food material and soon disappears when the gat is empty. 

3. Four out of 14 patients infected with Kala Asar gave positive results 
when sandflies were fed on them, but only about 5 per cent, of the flies became 
infected. 

4. Experiments with a large series of hamsters infected with Chinese Kala 
Asar show that considerable variation may be observed in the proportion of 
sandflies that show development of flagellates after feeding on infected animals, 
ranging from completely negative up to practically 100 per cent. 

5. In hamsters there is a marked correlation between the number of parasites 
in the skin and the proportion of flies becoming infected. 

6. No correlation could be found between the presence of parasites in the 
circulating blood and infectivity to sandflies. 

7. A study of five human strains in hamsters showed the existence of varying 
degrees of virulence, ranging from a strain which was completely non-infectivb 
to sandflies, up to one which had a high degree of infectivity both to hamsters 
and to sandflies. 

8. Both P. major var. chtnensw and P. sergenti, infected with flagellates, 
gave negative results when fed on normal hamsters, and also when their 
contents were inoculated into the skin of hamsters. The intraperitoneal 
inoculation of the contents of one or more infected flies gave positive teeolts 
in 7 out of 124 experiments with F. major, and 2 out of 41 with F. sergenti. 

9. There is evidence in support of the view that congenital transmission 
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The Coefficient of Diffusion of Lactic Add through Muede. 

By Grace Palmer Eqqletom,* P. Eaoucroirf and A. V. Hill, F.B.S. 
(From the Department of Physiology and Biochemistry, University College, London.) 

(Received September 22, 1928.) 

Jn a recent paper from this laboratory, Stella (1) described experiments 
relating to the diffusion of inorganic phosphate through muscle. The upper 
legs of a frog, fresh or in any required stage of fatigue, were suspended at time 
aero in an excess of Ringer's solution, and at various times t thereafter the 
phosphate content of the solution was determined. It was assumed that the 
diffusion obeyB the equation 

P = 2cVE/n 

where P is the number of milligrams of phosphate diffusing across 1 sq. om. 
of the outer surface of the muscles employed, c the initial concentration of 
the phosphate in milligrams per cubic centimetre, k the coefficient of diffusion 
(cm.'/min.), and t the time of diffusion in minutes. The mean value of jfc 
determined from the observations was 5 x 10"*, which is for less than that of 
analogous substances through water; Landolt-Bomstein’s Tables give, for 
example, for oxalic acid O'2 X 10 -4 , for sodium formate 5 x 10" 4 , for potas¬ 
sium carbonate 4-2 X 10~ 4 . The small value of k showed that diffusion of 
phosphate through the fibres is far slower than in free solution. 

ThiB method of determining the speed of diffusion is very convenient in 
dealing with living tissues. In principle it is only approximate; in practice, 
however, within certain limits, it yields results of considerable accuracy. 
Mathematically speaking the formula applies to the case of a semi-infinite 
solid bounded by the plane 2 = 0; by this is implied that the solid lies to the 
right of that plane, from x = 0 to x — oo, while well-stirred liquid in contact 
with it lies to the left. At t = 0 the concentration in the solid is everywhere 
c; in the liquid the concentration—owing to the mixing—is always sero. 
The rate of diffusion across the surface at any subsequent time t is then, per 
unit of area, 

Rate — cy/kjnt (1) 

and the amount crossing unit area in time t (reckoning from the start) is 

Amount = 2cVkt/n 

* Working for the Medical Research Council, 
t Belt Fellow, 


( 2 ) 
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Now, provided that the time t be not too great, any body, of not too irregular 
shape, can be treated as a semi-infinite solid. It has merely to be so large 
that in time t the concentration in its inner regions is not appreciably affected 
by diffusion. For very short times equations (1) and (2) hold for a body of any 
size and shape; the amount is proportional to the square root of the time. 
So long as this proportion holds, the constant of the proportion is 2 e^kjic ; 
with longer times it ceases to hold, as the concentration within the body 
changes. If, however, we know experimentally that tho total amount diffusing 
per square centimetre of surface (reckoned from the start), divided by the 
square root of the time (reckoned from t = 0), is tho same for times and f a 
(<i < <|), then the constant of the proportion is 2 cy/kjit. Obtaining c by 
analysis we can determine k. 

It is warn mod that c is initially uniform within the tuaue. if we are dealing with the 
case of diffusion from a fatigued muscle any treatment (such as contact with oxygen, or 
aprelimhuiy washing) which might decrease tho concentration of the suhetanco in question 
in the surface layer must bo avoided. Moreover, for strict accuracy, c must be reckoned in 
nmta of mass {c.p.. milligrams) pet cubic centimetre, and not per gram. 

In the present experiments a pair of frog's legs was skinned and stimulated 
in nitrogen. It was then plunged rapidly into 20 c.c. of oxygen-free* bi- 
oarbonate-bufiered Ringer’s solution and allowed to remain there for a measured 
time t. The solution was then removed for analysis and the muscles placed 
in a fresh 20 c.c. sample. They were then left for a further time ({, — <,) 
in the solution, which was again removed for analysis. Always two, and 
sometimes three, such' successive samples were used. The concentration of 
lactate in the Ringer’s solution rarely exceeded 1 per cent, of that in the 
muscles. The surface A of the muscles was then determined in square 
centimetres, by covering them with strips of paper and measuring the total 
area of the paper. They were then finally analysed for lactic acid in the 
ordinary way. 

Protein-free extract of tissue, or Kinder, prepared by the use of trichloracetic acid, was 
neutralised and treated with CuS0 4 and Ga(OU) a to remove sugars (van Slyke). Tho 
filtrate was estimated on the principle of Clausen (2) (oxidation with dilute KMnO,) but 
without aeration (Meyerhof (3)), the oxidation being katalysed b\ MnSO, (Shaffer and 
Cotonio(4)). Quantities of 0<2 to 1-6 mgr. of laotio acid were usually estimated, the 
technique having, in this range, an efficiency of 07} per cent., as judged by the raoovety 
of added lactate. 

* Cyanide may not be used to prevent oxidation, because in the subsequent estimation 
the cyanide behaves similarly to laotio acid (giving rise probably to formaldehyde) causing 
large errors which cannot be allowed for aocorateJy. 
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]f Pj tie the amount diffusing out in time t v and P s the amount in time t v 
the quantiticH I*, / \Jt l and P s /\/ 1 2 ahonld 1 h> equal within tho limitu of experi¬ 
mental error, if the muHclea be of volume V, and the amount of lactic acid 
finally found in them Q, the initial concentration c must have been (Q ■+* P,)/V. 
The value oi k may then be calculated. 

Tho data of u typical experiment may he of intern*!. In this ease three times, f 1# t t 
nnd /, were employed. ami the corresponding amounts P 1# P t and P 4 diffusing mi# deter¬ 
mined. Tho Hinount of hit late at the beginning (calculated as lactic acid) was 4*0 mgrs. 
in 4 7 c e. of muscles (volume calculated from weight and Hjimfle gravity); hence c - 
1MM>. A was 17 sq cm. Tho following result** were obtained:— 

f t 12*5 nuns. 27 *5. /, 40. 

P, - O’fWnitfis. P 4 - 0*80. 1\ 1 * 18. 

I yv/T 0*107. ivt'fi o • i o i o-io0. 

Taking the moan inluo of P/\ t- 0 Jf»7, und substituting inequation (2) we find 

k 0-D ^ 10 3 

The following table contains the results of all experiments regarded, on 
grounds other than the value of k finally obtained, us being reliable. 

The results for the stimulated muscles are shown graphically in fig. 1. It 



Fin. 1.—The diffusion “ constant ” of lactic acid out of living frog's muscle os a function 
of tho initial lactic ucid concentration of the muscle. 
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is clear that the coefficient of diffusion is far from independent of the state of 
fatigue of the muscle. At high concentrations of laetio acid h approaches a 
constant value of 6 x 10 -e ; at low concentrations it is much larger, being 
(in the neighbourhood of 0*1 per cent, of lactic acid) about 10 times as great. 
This difference, however, is not doe simply to the concentration of laetio add; 
a muscle after heat rigor or incubation, containing considerably more laetio 
ac^d, shows not a lower but a higher diffusion constant. 

It seems likely that the large change in diffusion constant with fatigue is 
due to an alteration in the lymph-interspaces of the tissue. In fatigue the 
osmotic pressure of the inside of the muscle cells rises, and the fluid of the 
lymph spaoes is taken up by a swelling of the cells. If this be so, increasing 
degree of fatigue should cause a gradual fall of the diffusion constant to the 
lower value characteristic of the fibres when closely packed. On this view the 
fall of k with increasing concentration of lactic acid would be due to a diminu¬ 
tion in the relative volume of the lymph spaoes, and the variability of the 
results, not ohiefly to experimental error (whioh is comparatively small), but 
to variation, in the fraction of the muscle oocupied by lymph spaces between 
the fibres. 

The diffusion constant of lactic acid through the lymph must presumably 
be in the neighbourhood of 6*6 X 10~ 4 , the value obtaining (see below) in 
an agar jelly. The value found for a fatigued musole (about 6 x 10" # ) is 
characteristic, on this hypothesis, of diffusion through the fibres themselves. 
A tissue containing x per cent, of interspaces distributed at random, and (100— 
x) per cent, of fibres, would have, therefore, for gross diffusion, a k of 1/100 
[* X 6*6 X 10-« + (100 - x) x 0 x 10“ 6 J = 10-« x [5 + Equating 

this to 6 x 10" 8 , the value (fig. 1) for 0*08 per cent, laetio acid, we find 
a = 8. Thus interspaces occupying about 8 per oent. of the volume of the 
muscle would give the value pf k found in the oase of comparatively fresh 
muscles. This is a reasonable estimate of the interspaces. 

When the integrity of the musole fibres is partially destroyed by heat rigor 
we should expect to find, as we do find, a dlmiafoW resistance to the diffusion 
of lactic acid. In spite of the high osmotic pressure due to lactic acid formed, 
k in the three extreme experiments at the bottom of Table I averages con¬ 
siderably more than in the observations on the unfatigued muscles at the top* 
Presumably the membranes normally hindering diffusion are no longer intact 
in such oases, and the musole is tending, in respect of diffusion, to the state 
of a membraneless jelly. 

The low diffusion constants of lactic acid and inorganic phosphate through 
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living muscle are in striking oontrast with the high diffimAwi oonstant of 
oxygen. According to Krogh (5) the diffusion constant of oxygen, at 15° 0., 
is 1*98 x 1CT 5 . This, however, is expressed in an unusual way, namely, 
for a gradient of partial pressure of 1 atmosphere per oentimetre, in place of a 
gradient of concentration of 1 c.c. per cubic oentimetre per oentimetre. The 
solubility of oxygen at 15° C. being 0*034, the former represents a concentra¬ 
tion gradient of 0*034 o.o. per cubic oentimetre per centimetre, or only 0*034 
times the latter. Thus, expressed in the ordinary way, the diffusion constant 
of oxygen at 15° C. is 1/0*034 times as great as Krogh’s value; it is 4 X 10~ 4 . 
This is of the same order of quantities as the coefficient of diffusion of most 
ordinary substances in free solution. Presumably, therefore, oxygen (perhaps 
because it is eleotrioally uncharged) travels through the membranes of the living 
oell as fast, or nearly as fast, as in free solution. 

In order to test, by a method analogous to the one employed above, the 
free diffusion of certain substances important in muscular metabolism, the 
following set of experiments was performed. An agar jolly was prepared con¬ 
taining creatine 410 mgrs. per 100 c.o., lactate 343 mgrs. per 100 o.o., and 
phosphate 97} mgrs. P per 100 c.c., pH about 7*5. This was poured into 
five tubes, two of them wide with a cross-section of about 4 sq. cm., three of 
them narrow with a cross-section of about 2 sq. cm. When the jelly had set, 
water Was poured into the tubes at time t =» 0 and kept agitated, and changed 
at various times to allow analysis for creatine, lactic acid and phosphate.* 
The amount of water was such that the concentration of the diffusing sub¬ 
stance never rose above 2 per cent, of that in the jelly. The results are shown 
in fig, 2 where the number of milligrams whioh diffused out is plotted as a 
function of the square root of the time. In each case a good straight line 
results, showing that the use of equation (2) is justified. It will be noticed 
that the values for the small tubes are very slightly above those for the large. 
This is due, no doubt, to the fact that the curved rim of the jelly, due to 
oapillarity, where it was in contact with the tube, caused a relatively greater 
increase of surface in the small tube than in the large. The mean values of 
k, from the lines in the figure, are 


Ckeatine .. 5*9 x 10" 4 

Sodium lactate .. 6*6 x 10“ 4 

Sodium phosphate.. 5*6 X 10“ 4 


• Phosphate was estimated by the method of Briggs (6) as modified by Robison and 
Martlaad(7)t emetine by the ndero-method of Folln (8). Pun creatine was used as 
the Wandacd of nfenooe. 
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Fro, 2.—" Modor 1 * experiment with agar jelly containing creatine, Rodhim lactate and 
sodium phosphate at approximately the name concentration* as in fatigued muscle. 
Milligrams of each substance diffusing out, per square centimetre of surface, as a 
function af the square root of the time of diffusion H denote* small tube, L denote* 
largo tube. Hollow circles denote creatine and phosphate, full circles denote lactate. 
Time of diffusion for each group shewn in minute* thus, 48'. A figure by the side of 
a plotted point indicates the number of separate observations, in coho those are so 
olose as to be indistinguishable in the diagram. Note that the amount diffusing is 
proportional to the square root of tlw time, und that the large tube gives points slightly 
lower than the small, owing to a greater influonce of capillarity on the form adopted 
by the jelly in the tube. For calculated diffusion constants, etc., we text. 

These values are of the same order of size as those of oxalic acid, sodium 
formate and potassium carbonate, referred to at the beginuing of this paper ; 
for lactate and phosphate, however, and almost certainly for creatine though 
we have not examined it quantitatively in muscle, the values are far greater 
than for the same substances diffusing through a living muscle. 

In free solution sodium phosphate And sodium lactate diffuso at practically the same rate. 
In mnscle, resting or fatigued, Stella's value of k for phosphate, viz., 5 x 10~\ Is the same 
as ours for laotate diffusing through fatigued muscle ; our value for lactate in mnsole only 
slightly fatigued is much higher. This suggests that in his experiments the fibres were 
closely paoked in both cases, as we have supposed in the case of the fatigued muscles only. 
The inconsistency may be due to a difference in the conditions of the two sets of experi¬ 
ments. In ours (see Table I) diffusion was allowed only for a short time, averaging about 
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20 minutes ; in his for a long time, 0 hours. It \h ell known that prolonged immersion 
of a muscle in Ringers solution tends to cause it to swell, a process which probably occurs 
in the fibres themselves, maybe w ith an obliteration of the interspaces, tf this bo so, Stella’s 
value in either case would correspond to diffusion through the fibres tightly packed together 
and we should expect it to be the same slh ours for fatigues! muscle. 

For muscles in ngor, Stella found a value of k only slightly greater than for li\e ones, 
whereas ours is much greater. His rigor, however, wa* induced by prolonged anaerobic* 
survival at a low temperature, ours rapidly by heat. The latter treatment may well 
cause a greater breaking up of the membranes of the Iihsuc than the former, w ith a greater 
rise in the diffusion constant. 

Stnnmanj. 

1. If an object of any shape containing a soluble diffusible substance in 
uniform concentration r is brought suddenly m contact with a lnrge quantity 
of well-stirred solvent, not containing that substance, then the amount which 
diffuses out boars to the time a relation which, for short times, is 

amount per square centimetre of surface — 2 cy/fat /rc, 

where k ifl the diffusion constant and / is the time. The range within which 
the formula is valid is discussed. 

2. This equation may be used to determine the coefficient of diffusion of 
lactio acid through muscle. The upper legs of a frog, after stimulation, are 
placed in well-stirred oxygen-free fiinger’s solution, and the amount of lactio 
acid diffusing out in various times is measured. The initial concentration in 
the muscles, and the surface area, are then determined. So long as the ratio, 
amount diffused -r VT w constant the above formula is valid, and the value 
of the ratio allows us to calculate the coefficient of diffusion. 

3. In a live muscle with low initial concentrations of lactic acid the value of 
k is about 6 X 10" 5 ; with higher concentrations k is diminished, approxi¬ 
mately to 5 x 10~ fl in extreme iatigue. This diminution is not dbe to the 
concentration of lactic acid alone, since muscles after heat-rigor- containing 
considerably more lactic acid- show a value twice as great as that obtained 
for relatively unfatigued muscles. It is suggested that the bulk diffusion in a 
muscle is made up of two factors: -(a) diffusion through the lymph inter¬ 
spaces, which is as rapid as in free solution, with a constant ol about 
6*6 X 10~ 4 ; and (6) diffusion through the living fibres, which is much 
slower, with a constant of about 5 X 10 On this view when a muscle is 
relatively unfatigued the lymph spaces occupy about 8 per cent, of its volume. 
As the osmotic pressure inside the fibres rises in iatigue the lymph is absorbed 
and the diffusion constant gradually diminishes to the value characteristic of 
the fibres closely packed. In the dead muscle, after heat rigor, the 

von. cm.— b. 2 x 
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membranes of the fibres are no longer intact, and the diffusion constant 
tends to rise towards that through free solution. 

The expenses of this research have boon borne by a grant from the Medical 
Research Council to P. Eggleton. 
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SIR ARTHUR EVERETT SHIPLEY 1861 1927 

Sfls AMHUi Shipley was the second son of Alexander Shipley of the ffdl, 
Dafdwt, who died m 18% He was bom at Walton on Thames on March 10, 
1861, and died at the Master s Lodge bf Christ s College Cambridge on 
September 22 1927 His health had for some time been failing bat it was 
hoped that a visit to Tnrndad undertaken at the beginning of 1927 might 
re esta b lish it This hope was not realised and after his return early m 
March, his condition continued to give his fnends anxiety This was 
accentuated during Easter week by an attack which for some forty eight 
hours seemed likely to prove fatal He made an unexpected and really 
wonderful recovery and for a considerable part of May and June was able to 
lead an active life attending to business and taking daily walks both m the 
College grounds and in the town The improvement did not continue however, 
and although he was able to spend three weeks at Folkestone towards th$ 
end of July he was going downhill with fluctuations throughout the summer 
The final illness began to show itself towards the end of August Before his 
death he was contemplating a short account of the influence of Biological 
Bounce on the spread of Colonisation to have been published in the Cambridge 
History of tbe British Empire of whioh Dr J Holland Rose is one of the 
editors, but this essay does not appear to have been begun 

Arthur Shipley was one of several children of whom two sisters survive— 
Mrs A Hutchinson wife of the present Professor of Mineralogy at Cambridge 
and Master of Pembroke College and another who married Dr H M Stewart 
a well known medical practitioner in Dulwich and Senior Surgeon of the 
South Eastern Hospital for Children Hts elder brother Sir William Shipley 
(died 1922), was three times Mayor of Windsor and his younger brother 
Reginald (died 1924) went to the Boer War as a captain of the City Imperial 
Volunteers, served as colonel in the Great War and received the honour of 
CMG 

In childhood Shipley was markedly delicate having commenced life as an 
abnormally small infant He developed rather late and is said to have taken 
no real interest in learning until he entered University College School London, 
in 1877 Like many other naturalists he commenced his scientific career as 
a student and spent a year at St Bartholomew s Hospital A year 

later (1880) he entered Christ s College Cambridge in the Michaelmas Term 
He a Fust Class in both parts of the Natural Bounces Tnpos Part I 

m. i$83 and Part II in 1884 having been engaged for several months between 
these two ernmnitaons m research work at the 7oologxoal Station at Naples, 
a which he reta ined a stwmg affection He was elected to a Fellowship 
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at Christ’s in 1887, and became Master of the College in 1910. In this capacity 
he served as Vicc-Chanoellor of the University from 1917 to 1919. He had 
been appointed Demonstrator of Comparative Anatomy in the University 
in 1886, Lecturer on Advanced Morphology of the Invertebrate in 1894, and 
Reader in Zoology in 1908; and for many years from 1891 he had been 
Secretary to the Museums and Lecture Rooms Syndicate, an important 
position which made him practically the business manager of the numerous 
Museums, laboratories, and other buildings which came under the control 
of that body. From the time of his entry as a freshman in 1880 till his death 
he resided in Cambridge, but he travelled extensively and had probably lost 
count of the number of times he had crossed the Atlantic, principally in 
visits to the United States, where he had many close personal friends. He was 
eleoted into the Royal Society in 1904, serving on its Council from 1909 to 1911, 
and he was a member of many other learned societies. He was Chairman of 
the Council of the Marine Biological Association, Treasurer of the Research 
Defenoe Society, and a member of the Central Medical War Committee and 
of the MfnAging Committee of the Imperial Bureau of Entomology. His 
scientific distinction, principally as a parasitologist, was recognised by his 
election as Foreign Member of the American Association of Economio Ento¬ 
mologists and of the Helminthological Society of Washington, and Honorary 
Member of the Soci6t6 Royale Zoologique et Malacologique de Belgique and 
of the Yorkshire Philosophical Society. He was a Trustee of the Hunterian, 
Tancred, and Beit Foundations, a member of the Royal Commissions on the 
Civil Service, Trinity College, Dublin, and the Importation of Store Cattle; 
and of the Departmental Enquiry into Grouse Disease. He received the 
Honorary Degrees of D.Sc. Princeton, LL.D. Michigan, and M.Sc. Drexel 
Institute, Philadelphia. His public services were recognised in this country 
when he was selected for the honour of G.B.E. in 1920. 

It follows from this recital that Shipley’s career was a many-sided one. 
He was in the first instance a competent zoologist and a successful researcher 
and teacher. He had great gifts as a popular writer, who could expound the 
results of Biological research in an intelligible form, made more attractive by 
numerous touches of effective humour. From early days he realised the 
immense importance of Biologioal knowledge in its practical bearings on 
Agriculture, health and disease; and a large proportion of his public work 
was devoted to the application of this knowledge. He did notable service 
to the country during the Great War. 

Shipley and I came up to Cambridge at the same time, in October, 1880. 
We were the companions of specially brilliant students, many of whom were 
destined to achieve marked distinction. Among these may be mentioned 
Ada mi, Bateson, Chree, Fitzpatrick, J. R. Green, Harker, Head, Sherrington, 
Threlfall, and D’Arcy Thompson, besides others, such ** Adam, Barley and 
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Whitehead, in subjects outside the range of the Natural Sciences Tripos. 
The s tim u la ting effect of this personal environment was increased by the 
enthusiasm of our teachers, who successfully inculcated in us the belief that 
knowledge is good for its own sake. The study of Science had quite recently 
begun to make great strides in Cambridge, although we wore not contemporary 
with the commencement of the modem movement, largely due to Adam 
Sedgwick and Henslow. The list of University Professors and others working 
for science was, however, a notable one. Liveing, Humphry, and Michael 
Foster had been mainly instrumental in establishing the claims of natural 
science to an honoured place in the University. Lord Rayleigh was Cavendish 
Professor, and Zoology was represented by Alfred Newton, J. W. Clark, 
F. M. Balfour, and Adam Sedgwick the younger. Vines, a Fellow of Shipley’s 
College, was engaged in teaching Botany on modern lines. Although 1 cannot 
speak too highly of the friendship and scientific assistance we received from 
Newton and Clark, tho influence of Frank Balfour must be mentioned as the 
outstanding zoological feature of our student days. The effect produced in 
Cambridge by the news of his death in an Alpine accident on Mont Blanc, in 
July, 1882, may be estimated by the records Shipley has left in two of his 
books (‘ J. W. Clark,’ p. 136 and * Cambridge Cameos,* p. 162). Balfour’s 
personal qualities had endeared him to his pupils in a way few teachers are 
beloved. His great work on Comparative Embryology had just been 
published ; and Shipley, like others of his pupils, early commeneed research 
work in this field. Before taking Part II of his Tripos he had produced an 
interesting paper on the structure and development of the Brachiopoda 
(' Mitth. Zool. Stat. Neapel,’ vol. 4, p. 494), and in January, 1887, he published 
a valuable account of the development of the River Lamprey (‘ Quart. J. 
Micr. ScL,’ vol. 27, p. 325). The study of morphology had recently received 
a special stimulus by the invention, m the Cambridge Laboratory, of a new 
method of cutting and mounting serial microscopic sections. By means of 
the antomatio microtome of Caldwell and Threlfall, the first instrument of its 
kind, it became easy to cut sections in continuous ribbons, and to fasten them 
to slides in snoh a way that every section occupied its proper place in the 
series. The study of embryology and anatomy, particularly of many of the 
groups of Invertebrates, was immensely facilitated by this simple device, an 
entirely new departure in methods which was fully utilised by Shipley and his 
contemporaries. He has himself expressed surprise (‘ Cambridge Cameos,’ 
pp. 143,162) that embryology and morphology constituted so largo a proportion 
of the research carried on at the end of the last century under the special 
influence of Darwin’s teaching, itself the result of study along widely different 
lines. 

Shipley did not, however, follow up his earlier interests, except by writing 
articles on Brachiopoda in * The Cambridge Natural History ’ (1895) and the 
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‘ Encyclopedia Bntanmca ’ (1902) He soon turned hu attention to the 
Qephyrea, on which he published his first important memoir in 1890 (“ On 
Phymosotna vanans,” * Quart J Micr Soi,’ vol 31, p 1) Thu was followed 
by several other substantial papers on the same group, treated partly on 
morphological and partly on systematic lines, including descriptions of the 
species collected by various expeditions The publication of the ten volumes 
of ‘ The Cambridge Natural History ’ (1895-1909), of which he wub joint 
editor, occupied much of hu timo for some years, but he was meanwhile 
establishing hu reputation as an authority on parasitic worms, on which he 
publuhed at least forty to fifty papers The consideration of the numerous 
practical questions arising from the investigation of parasites was no doubt 
largely instrumental m leading him to a more general study of the economic 
aspects of Zoology As early as 1887, however he had been Bent by the Colonial 
Office on a mission to investigate a plant disease in the Bermudas, and in 
1889 he had publuhed a note on beetles destructive to nee crops m Burma 
As years passed, he became increasingly interested in the practical applications 
of Biology, a subject which remained as hu most enduring interest He 
performed a valuable service by participating m original work of this nature 
and by emphasising, m popular writings, the enormous importance of a 
knowledge of Biology to mankind Although not by nature or inclination 
a systematic Entomologut, much of hu later work was concerned with Insects 
and Arachnids During the War, for instance, he publuhed two very 
attractively written booklets, mainly on these groups, ‘ The Minor Horrors of 
War ’ (1915) and ‘ More Minor Horrors ’ (1916) which were widely read, 
and forcibly brought home to those who were not Zoologuts the lesson that 
a study of Insects is essential to success m war as m peace He was consulted 
on the establuhment, by the Colonial Office of the Imperial Bureau of 
Entomology, originally founded, under another name, m 1909, with Lord 
Cromer as its first Chairman, and he served as a member of the Honorary 
Committee of Management from the beginning until hu death At a later 
period Lord Milner asked hu advice with regard to the foundation of a College 
of Agriculture m the Tropics, and shortly afterwards (in 1919) he appointed 
a Tropical Agricultural College Committee, with Shipley as its Chairman 
The project took definite shape in 1921, when the West Indian College of 
Tropical Agriculture was established, with a Governing Body of which Shipley 
was Chairman He continued to hold this position until hu death, the College 
having meanwhile become the Imperial College of Tropical Agriculture 
In 1924 he visited Trinidad, where the College has been erected, to attend the 
ceremony of laying the foundation stone, and in the course of thu.journey he 
went also to Jamaica, New York, and New Orleans in the interests of the 
College. He re visited Tnnidad early m 1927, but, as explained above, the 
voyage was not successful in improving the condition of hu health, which 
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had become unsatisfactory The value of his work for the College is indicated 
by a Resolution of the Governing Body which was passed immediately after 
his death, recording their deep sense of the irreparable public and personal 
loss sustained by the College, the Governors and the Staff 

Shipley was at all times keenly interested in Buch subjects as Malaria and 
Yellow Fever, which are earned by Dipterous Insects, and the Hook worm 
disease of miners, due to a Nematode parasite each of these diseases being 
responsible for an enormous toll of human life and for an almost equally 
important diminution of h uma n vigour and efficiency 
In 1893 Shipley produced his * Zoology of the Invertebrate,’ a text-book 
which has been largely used by students, and he collaborated with Prof 
E W MacBnde in writing another text book (‘ Zoology,’ 1901), a work which 
has had an equally successful career He had previously been associated with 
Dr Schonland and Prof Poulton in translating and issuing an English*edition 
of Weismann’s researches entitled ‘ Essays upon Heredity,’ a book which 
greatly assisted in familiarising English readers with Weismann’s results 
He was editor of the Pitt Press Natural Science Biological Senes, and, for 
a time, of the ‘ Fauna of British India ’ senes, and co editor of ‘ Parasitology ’ 
and of the ‘ Journal of Economic Biology ’ He was perhaps at his best as 
a popular exponent of Zoology, m articles he wrote for * The Times ’ and 
other papers and in vanous books of which the earliest seems to have been 
* Pearls and Parasites ’ (1908) ‘ ‘ J,’ a Memoir of John Willis Clark ' 

(1913) is a skilfully wntten account of a singularly attractive personality, 
containing much interesting information with regard to Cambndge during 
the nineteenth century including its earlier half, when conditions were very 
different from those existing at present, together with a valuable record of the 
growth of the Natural Science School During the Great War and while 
Vice-Chancellor of th* University, Shipley was a member of the British 
University Mission which was sent out by the Foreign Office on the invitation 
of the Council of Defence at Washington In this capacity he made a very 
extensive tour m the United States visiting the principal Universities and 
helping to interest Americans in the British share in the War An attractive 
sketch of this visit during which Peace was declared, was published as ‘ The 
Voyage of a Vice Chancellor ’ (1919) Hu small book, entitled ‘ Life ’ 
(1923), was published m response to an invitation by the Cambndge University 
Press " to wnte a book which would make students of Elementary Biology 
think ” The effort may be desenbed as eminently successful The book u 
divided into a senes of chapters illustrating the vanous manifestations of life 
by well-chosen instances, and it gives much information which u not at the 
disposal of every professed Biologut As m his other popular wntings, the 
style is attractive, lightened by well placed humour which does not detract 
from the dignity of the subject It is interesting to note that he closes on 
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a note of optimism, and concludes that “the world is a better, a cleaner, 
and a kindlier place to live in than it was in the middle of the last century.” 
His ‘ Cambridge Cameos ’ (1924) includes a sketch of the early history of 
Cambridge and much other interesting matter. He records the discovery of 
the first proclamation of Henry VIII in certain paper taken down from the 
ceiling of rooms in the Lodge at Christ’s, during the repairs and reconstruction 
which were undertaken on his becoming Master. The essay on‘ The Hunting 
of the Yale ’ is a characteristic example of his success in dealing with a subject 
which is partly zoological. The appreciation of E. A. Wilson, who was one of 
those who lost their lives in Scott’s last Antarctic Expedition, brings out not 
only the charm of the man he commemorates, but also his own capacity to do 
justice to the good qualities of a friend. In ‘ Islands ’ (1924) ho describes 
some of his travels abroad, giving information about the Imperial College of 
Agriculture at Trinidad and other places he had visited. Among the more 
interesting records in this book is a description (p. 95) of a visit he paid to 
Metchnikoff, at Messina, in 1883, the year of the discovery by that great 
naturalist of the rdle played by phagocytes in health and disease. The personal 
results of that discovery are recorded in Metchnikoff’s own words : “ A zoologist 
until then, I suddenly became a pathologist.” 

No memoir of Shipley would be complete if it did not emphasise the value 
of his public work. He served on innumerable Committees, Councils, and 
Government Commissions, and he was Vice-Chancellor of the University 
during the two critical concluding years of the War. At this time he worked 
unceasingly, in addition to his more routine duties, in making the resources 
of Cambridge available for employment to the advantage of the country. 
He was concerned with the organisation of hospitals, with making Cambridge 
a training place for cadets and for staff officers on leave, and he placed his 
extensive knowledge of parasites at the disposal of the Government. His 
hospitality to wounded officers was unending, and he had a constant succession 
of convalescents living with him at the Lodge, sharing his meals and convening 
with him during the evenings, when he might well have found reasons for 
not showing this kindness by pleading the exacting nature of his ordinary 
duties. He took great interest in the courses of study for Naval Officem 
which were instituted in Cambridge after the War. 

Several other services he performed for the University should also be 
mentioned. He was specially interested in the Appointments Board, a body 
which has done valuable work in finding careers for young graduates. It may 
be worth while to notice also the action ho took in arranging for the animal 
publication of ‘ The Cambridge Pocket Diary,’ which differs from most of its 
kind by beginning at the end of September, just before the commencement 
of the Academic Year, ending at the conclusion of the following Calendar 
Year. This is a most convenient form for those who are concerned with 
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Universities and learned Societies, but I think I am right in stating that the 
idea originated in Oxford, shortly before the first Cambridge Diary appealed. 
Shipley was responsible for selecting, as the motto of the Diary, the apposite 
lines, taken from J. E. Stephen 

“ Years die in July and are dead till September : 

By the first of October the New Year’s bom : 

It’s a sturdy infant in mid-December, 

And reaches its prime some April morn • 

Hot and weary in June, it must perish soon, 

It is working too hard : it will break : but here 
Is the Dawn of the Year.” 

The wide range of Shipley’s interests is further illustrated by the fact that 
in 1917 he presided at a meeting, held in Christ's Lodge, which resulted in the 
foundation of the Cambridge University Anglo-Spanish Society (now the C.U. 
Spanish Society) and in his election as Chairman. He specially exerted himself 
to assist the Society after the establishment of the Readership in Spanish 
in October, 1919. The Spanish Ambassador, Senor Merry del Val, with his 
wife, subsequently stayed at the Lodge, on Shipley’s invitation, and addressed 
the students at a most successful meeting. At a later period, the Chilian 
Minister, Sefior Augustin Edwards, visited Cambridge in similar circumstances, 
and afterwards became a -frequent visitor at the Lodge. These visitB 
Stimulated interest in the study of Spanish and led to a large increase in 
membership of the Society, principally among undergraduates. Shipley took 
the practical method of keeping up this interest by frequently receiving the 
members at pleasant gatherings in his study. 

Shipley had an unusually wide circle of friends among persons in all degrees 
of society. He had special pleasure in giving small dinner parties, which he 
considered more conducive to the true intimacy of friendship than the larger 
and more formal parties of this nature which were at one time general in 
Cambridge. He entertained regularly on Sundays at luncheons, and he 
welcomed men of all ranks and ages who chose to visit him at his informal 
receptions on Sunday evenings. His knowledge of the world rendered his 
counsel particularly valuable to his College and University. He was respected 
by all as a man who consistently maintained the highest standard of public 
and private duty, and in the midst of responsibilities which might well have 
absorbed all hiB attention he was invariably ready to give his time to the 
performance of acts of kindness. May I add that he was the earliest of my 
Cambridge scientific friends, and that, as his collaborator for many years in 
matters in which we were closely associated, I had the best opportunities 
possible of appreciating his ability, his versatility, his industry, and, above all, 
his imwlfalt devotion to duty and kindness of heart. 
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bntihg this memoir I have made special use of the noiaoe In * The Tnaea 
of September 23 I have further to acknowledge the assistance whfch has 
been kindly given to me by Sir Arthur s sister Mrs A Hutchinson, by her 
husband Professor Hutchinson FRS Master of Pembroke and by Mr 
AlgernonAspinall CMG 
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SIR DAVID PERRIER 1843 1928 

Oh March 19 of this year in London where had been his home for nearly 
sixty years died David Ferner Eleoted into the Sooiety in 1876 a pioneer 
in experimental physiology as applied to the brain he had lived long, oonstitu 
ting in his person a tie between the present generation and a past one which 
he had himself eminently helped to make of permanent significance to 
neurology and devoting veteran service to neurology and medicine 
Bom January 13 1843 he was a younger son of David Ferner who engaged 
m business at Wpodside near Aberdeen As a boy he had been at the Grammar 
School and Gymnasium of his native city and at the age of 17 had gamed first 
{dace in the competition for bursaries at the University thore The Faculty he 
entered was that of Arts In 1863 he took with first class honours in Classics 
and in Philosophy his M A degree In those subjects he was awarded the 
Ferguson Scholarship open to graduates of all the four Scottish Universities 
At Aberdeen University he came under and was indeed a favourite pupil of 
Alexander Bain the Professor of Logio, author of a well known treatise Body 
and Mind the first sketch of some chapters of which appeared (in successive 
numbers of the Fortnightly Review ) in 1866 In that year Ferner went to 
Edinburgh to study medicme and at Edinburgh by the end of 1868 he 
graduated M B Then but not for long he acted as assistant to Thomas 
Layooek the Professor of Practical Medicme, and also engaged, forhisoircum 
stances were straitened in ooaching students a task which proved very 
unoongexual to him He forsook it to beoome assistant to a general praoti 
tioner m Suffolk Dr Image, of Bury St Edmunds an accomplished man, 
baoheher 4a lettres and F R C 8, and member of a family well kfcown. for 
scholarship and proficiency m natural science one of them classical tutor at 
Trinity College, Cambridge another a recognised authority on the geology 
of the district where he lived as rector While with Image, and with the hearty 
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SWpttttwn o£ Image himself, be spent most of hie time in research, an inveett- 
the comparative anatomy and intimate structure of the Corpora 
Qoa&ngtmina.” This was earned out, aa he in later year* enjoyed recounting, 
largely amid the a me nit ie s of Image's garden, a place known locally for its 
beauty, and forming to such a delighted observer of living nature as Perrier 
a Specially congenial setting for his study. The work was later sent in as an 
MJX t h esis and awarded a Gold Medal. In after years he again returned to 
the subject in a research with Dr. Aldren Turner. 

In 1870, Perrier removed to London, and was appointed Lecturer on 
Physiology at the School of Middlesex Hospital, on the resignation of Burdon 
Sanderson. He retired from it in the following year to begin bis long associa¬ 
tion with the Medical School of King's College, as Demonstrator of Physiology 
there. At King's, in 1872, he succeeded Dr. Guy in the Chair of Forensic 
Medicine, and he held this position until 1889, when he became Professor of 
Neuropathology, a Chair specially instituted in his honour. In his early yean 
in London he shared a house, since demolished, 53, Somerset Street, with two 
fellow Edinburgh graduates of his own standing, Lauder Brunton and Milner 
FothersgUl, the former to become a Fellow of the Royal Society a little earlier 
than himself. Although engaging in practice he from his first arrival embarked 
on a career of laboratory research. His attention dwelling specially upon the 
physiology of the nervous system, he had contact with Hughlings-Jackson and 
with Jackson’s views and teaching on the cerebral mechanism of certain forms 
of convulsions. In Maroh, 1873, when he was paying a visit to his friend 
and fellow Edinburgh graduate, Dr. (now Sir) James Cnchton-Browne, then 
Director of the West Riding Asylum, Wakefield, conversation turned upon 
the excitability under galvanism of part of the cerebral surface of the dog 
as reported from the Continent by Fntsch and Hitzig. There followed, 
during the course of the spring and summer of 1873, in the laboratory recently 
founded at the Asylum by its enlightened and progressive Director, who 
put it at Ferrier’s disposal for the purpose and even provided the animal 
materiel, the memorable experiments with which Ferner opened his detailed 
systematic exploration by faradic stimulation of all parts of the central nervous 
system in representative types of vertebrate from lowest to highest. A 
grant of money from the Royal Society helped him to inolude observations on 
the brain of the ape, an organ much oloaer to the human brain than any laid 
under contribution hitherto—a step historically reminiscent of Galen, if 
the tradition that Galen executed experiments on apes be in fact correct. 

The first publication of Ferrier’s experiments dates from 1878 in the Reports 
of the West Asylum. A fuller account formed the substance of the 

Oraosian Lecture of the Royal Socety delivered by him in February, 1874. 
He was selected Croonian Lecturer also for the following year, 1875, and as such 
gave an account of further extensions of his experiments. The activity 
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characteristic of him is evident in the circumstance that the main experimental 
results were all obtained in the course of a very few years and fully published 
between 1873 and 1876. As was said of him by Sir John Rose Bradford in 
the Presidential Address this year to the Royal College of Physicians, of which 
Perrier was a Fellow, Perrier placed the question of cerebral localisation of 
function on an absolutely certain basis of proved experimental faot. He 
established the localisation of the ‘ motor ’ cortex very much as we now know 
it. He located it as a region accompanying the Rolandic fissure across the 
lateral aspect of the hemisphere and extending thence over and upon the 
hemisphere’s median aspect. He pointed out that its extent was greater 
and its character more detailed in the ape than in any of the types less near 
to man. He showed that its focal movements were obtainable with such 
definition and precision that “ the experimenter can predict with certainty 
the result of stimulation of a given region." He went on to determine the 
effects of destruction of limited portions of the cerebral cortex. He allocated 
regions specially concerned with vision and with hearing respectively. He 
showed that the hemiplegias and monoplegias ensuing on injuries within the 
motor region of the ape were characteristically greater than those produced 
by similar cerebral lesions in the dog. The symptoms in ttye ape he stressed 
as being strikingly akin to those familiar in the clinic. At the International 
Congress of Medicine of 1881, held in London, he gave a convincing demon¬ 
stration of his results before a gathering of the neurologists of Europe. Sir 
Charles Ballance, who was present, relates that there, on the appearance of 
one of Perrier’s hemiplegic monkeys, the clinician Charcot, of Paris, exclaimed 
“ It is a patient I ’’—words pregnant as a pronouncement on the case for which 
Perrier was arguing, and on the facts for which he was contending, against 
Goltz, a physiological authority present who, without experience of experi¬ 
ments on the ape, broadly denied to the cerebral cortex all localisation of 
function. 

His Croonian Lectures to the Royal Society were followed by the Gulstonian 
Lectures to the College of Physicians in 1878, and in the interim by the publica¬ 
tion of his 11 Functions of the Brain " (1876). This book, addressed mainly 
to physiological and medical circles, interested also a wider audience; it was 
translated into several languages, and reissued in an enlarged edition in 1886. 
It and the work it embodied went far to place cerebral localisation in the fore¬ 
front of neurologioal interest, not only for the physiologist and physician, but 
for the anatomist and psychologist and a section even of the general publio. 

Perrier did not hesitate, from the operative success attending his experi¬ 
mental venture upon monkeys, to argue that in the human patient, given the 
essential preliminary of diagnosis as to nature and seat of disease by the 
physician, surgery could in like manner proceed to operative relief. He 
asserted that under Lister’s surgioal procedure (he had Lister as a surgioal 
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colleague at King’s) the brain offered of itself no prohibitive surgical difficulty. 
In his Marshall Hall Oration of 1883, after ten years of experience of operating 
on the brain of animals, he repeated this appeal with no less insistence. 
Physiological experiment, he declared, although finally and fully demonstrating 
cerebral localisation, and although showing by its reliable safety upon animals 
that similar operative success could be achieved on man, had still had no 
appreciable following from practice in the clinic. The very year of this 
appeal, MacEwen, of Glasgow, operated for the Becond time for intracranial 
’disease, and in the year following, namely, 1884, Rickman Godlee, in London, 
performod his well-known pioneer operation, removing “ a cerebral tumour of 
the size of a walnut the position of which had been correctly localised.” A 
surgeon, himself distinguished in intracranial surgery and versed in the history 
of its development, has said with penetration and generosity that to Ferrier 
rather than to the surgeons is primarily due the origination of modem 
cerebral surgery. Of the results traceable to Ferrier’s experiments on the 
brain of the monkey, one, therefore, has been the practical relief by surgery 
of patients suffering from certain forms of cerebral tumour and intracranial 
misohief. That fact lends a touch of irony to the circumstance that in Bequel to 
this beneficent research Femer was violently persecuted by anti-vivisectionists, 
and finally on its account was the object of an action-at-law instituted by them. 
Their attack he met and defeated, and he showed the main statement in their 
accusation to be untrue. A further irony in the situation was that the prosecu¬ 
tion, carrying from certain quarters malignant opprobrium, brought also general 
notoriety with immediate increase of his consulting practice. The publio 
reasoned doubtless that au authority persecuted for experimenting on the 
brain must possess knowledge about it worth consulting. 

The Work of Ferrier was, above all, a fundamental contribution to the study 
of the physiology of the brain. As to this, to trace the origins of his enquiry 
and of the decisive effect it produced, requires regard to some contemporary 
circumstances. Current scientific opinion, physiological and medical, at that 
time held that the cerebrum was the “ organ of mind ” and mind being a unity 
presented ad regards its mode of functioning no detectible spatial differences. 
The cerebral cortex was thought of as undifferentiated, in bo far that a partial 
destruction or lesion of it wherever situate entailed only a diminution of its 
functional capacity cn bloc. Moreover, current doctrine opined that the 
cerebrum, as was at one time thought of the grey matter of the spinal cord, 
was irresponsive to all stimuli, electrical or other which physiological experi¬ 
ment ha d at command. Ferrier, however, at the outset of his student life, 
even before he began medicine, was early in close touch with one whose 
outlook, despite metaphysical training, was singularly attached to the scien¬ 
tific ideal of ultimate unity. Bain, as Professor of Logic, kept a detailed model 
of the human brain upon his lecture table, gave au up-to-date description 
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of the structure of the nervous system in his lectures, and constantly set 
before his doss the union of psychical foots with physiological mechanism 
His “ Mind and Body ” opens with the words “ Many persons, mocking, ask— 
What has mind to do with brain-substance, white or grey * Can any facts or 
laws regarding the spirit of man bo gamed through a scrutiny of nerve-fibres 
and nerve cells 1 ” On its last page its summing up runs “ The arguments 
for the two substanoes have now entirely lost their validity The one substance 
with two sets of properties, a double faced unity, complies with the exigencies 
of the case ” Psychologist, he expressed the hope “ We may possibly unlock 
the secrets of the structure, may compel the cells and fibres to disclose their 
meaning and their purpose ” From such a milieu as this Femer's student 
years passed on to medical observation, and with predilections such as his 
and a nature which had nothing laxssez faire about it, we may Buppose that 
the precepts received from Bam contributed an effective factor toward shaping 
a career which was, however, as to its great results entirely Femer’s own 
Further, when Femer moved to London he there found Hughlmgs-Jackson, 
and the views Jackson had already brought forward for discussion in 1868 
and then put together m the famous “ Study of Convulsions ” issued by him 
m 1869 In that analytical study of the clinical picture, since famihar as 
“Jacksonian epilepsy,” Jackson ascribed to the cerebral cortex ‘motor 
centres ” which could be stimulated by trauma or by residual effects of trauma, 
motor centres which were situated in the grey matter of certain cerebral con 
volutions, “ the convolutions surround mg the corpus striatum ” These views 
were against the orthodoxy of the time For Femer they proved an impetus 
to experimental enquiry He prefaces the account of his experiments by 
stating that they have had for an object the “ testing of the theory of Hugh¬ 
lmgs Jackson that localised and unilateral epilepsies are caused by irritative 
or ' discharging ’ lesions of the grey matter of the hemispheres ” 

Femer employed, and recommended, the faradic current as a means to 
excitation of the cortex Fntech and Hitzig m observations three years 
before on the brain of the dog, used as stimulus the closing and opening of a 
voltaic ourrent On this the method of Femer was an important advance, 
for it enabled the elicitation of sustained and deliberate instead of twitch like 
and evanescent movement, and did so without indicting damage on the cerebral 
tissue It allowed provocation and study of the “ march,” t e , that sequence 
and spreading of movement which Jackson had noted to be of diagnostic value 
m the epileptoid convulsion It brought the clonus characteristic of epilepsy 
under observation as a feature of cerebral “ after discharge ” Femer’s choice 
of stimulation has been followed by all observers since 
A conception which Femer formed regarding the localisation of function in 
the cortex held it to be primarily “ senson motor ” He conceived his regions 
which constantly yielded movements in such detailed and systematic array to 
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represent a so-to-say motor executive The regions outside it, injury to which 
evoked signs of disturbance and defect of sense without motor paralysis, he 
dis tin g uishe d, in contradistinction to his “ motor region," as “ sensory ” In 
short, motor and ** sensory ’ formed the ground plan of the scheme of 
localisation for the cerebral cortex m his pioneer interpretation of it Not 
11 motor and sensory,” of course vith the crudity of the efferent 
afferent sides of a simple reflex arc, but yet distinguishably “ motor ” and 
“ sensory ” The difference between this and the old phrenological brain- 
chart of Gall was bold enough to be indeed star tling ly reassuring He 
made no comment on that, but his first paper to the Royal Society remarked 
that “ a scientific phrenology is regarded as possible " The paper also adds 
“ From the complexity of mental phenomena and the participation m them of 
both motor and sensory substrata, any system of localisation of mental 
faculties which docs not take both factors mto account must be radically false ” 
Bam, speaking of endeavour to reach understanding of an organ so complex 
as the brain, wrote “ If we were to confine ourselves to dissection wc should 
probably attain but small measure of success But another road is open 
We can begin at the outworks, at the organs of sense and motion, with which 
the nervous system communicates , we can study their operations during life, 
we can experimentally vary their circumstances, we can find how they act 
upon the brain and how the brain reacts upon them " 

All this requires no further insistence now Suffice to say that thus it 
was that Femer approached and attacked a problem largely opened by 
himself, which in the half century since his first dealing with it has proved 
more and more complex with every renewal of penetration mto it New 
terminology has been introduced and with some advantage, to meet the require¬ 
ment of fresh shades of discrimination and nuances of interpretation of func 
tional processes inferred and of steps and stages sought to be distinguished by 
analysis None the less, in essential conformity with Perrier s original stand 
point we have to day with regard to the motor region ' the experience of so 
highly qualified an observer as Dr Gordon Holmes to the effect that “ the 
precentral gyrus ” (the ' motor region ’ proper) ‘ has no sensory functions " 
Further, Femer’s interpretation which assigned to specific sensory fields the 
major part of the cerebral surface has alongside it to day those arrived at, 
along other lines of examination, by comparative anatomy and study of cjto 
architecture, and by the findings of Pavlov and his collaborators schemes 
which more even than did Femer’s original, cover the expanse of the cerebral 
surface with territories representing the specific receptor systems severally, 
and find no place for the pure association fields posited by Flechmg Femer 
when breaking the new ground would seem to have formed of it a conception 
with whose fundamental simplicity there corresponds a fundamental truth. 
It is, however, more evident now than perhaps it was then that, as regards 
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even animal mind, analytic psychology has not yet got within measurable 
distance of elements needed for its study in so far as this last involves 
treatment of mind’s relation to a material seat. 

A tribute paid to Ferrier’s work on the cortex was that it had soon many 
experimental followers. The next decade saw a flowing tide of research setting 
toward localisation of this kind or that, in one part or another of the nervous 
system; more ponetrative modes and aims of analysis came to be little pursued. 
A localisation vogue reigned for nearly a quarter of a century, and became in 
due course tedious and relatively infertile. But the importance of the work 
which ushered it in cannot be forgotten. It is difficult now to think back to a 
functional neurology which resigned itself to picturing the cerebral cortex as 
an uncharted sea with for its one accredited feature unanalysed uniformity. 

Ferrier’s experimenting upon the cerebral cortex covered a period of a 
decade and more. He contributed also much experimental work on the cere¬ 
bellum, the corpora quadrigemina, the limb plexuses, etc., researches pursued 
usually ip collaboration. He engaged at the same time continuously in con¬ 
sulting practice. He was successively Assistant Physician, Physician and 
Consulting Physician to King’s College Hospital and to the National Hospital 
for the Paralysed and Epileptic. Ferrier loved experiment and the following 
of knowledge by its means. The writer remembers the interest and pleasure 
afforded to a foreign visitor, Sefior Cajal, the histologist, by finding Ferrier in 
the laboratory, experimenting ; and the impression made by the simple hearty 
weloome and the frank comradeship which delighted in continuing the experi¬ 
ment and in showing and explaining its each step to the younger colleague from 
abroad. Even in his latest years Ferrier would attend the laboratory experi¬ 
ments of others and enjoy watching the work in hand, modestly expressing the 
hope that he was " not in the way.” Always a staunch upholder of individual 
liberty of choice in research, as member of the International Brain Commission 
set up by the now defunct International Association of Academies, he opposed 
the proposal for the brains of the eminent to be collected at one centre (Leipsic) 
for uniform systematic report and permanent museum retention. He always 
favoured freedom of theme, and he was wholly free from what Bacon has 
termed “ the first distemper of learning, the studying of words and not 
matter.” Indeed, in his lucidity of intent he maybe studied words too little, 
or rather perhaps accredited them with greater simplicity than in bet is theirs. 

Honours came to him. He was awarded the Baly and Moxon medals by 
the Royal College of Physicians, and besides giving the Gulstonian, gave also 
the Lamleian and the Croonian Lectures of that College, and the Harveian 
Oration in 1902. He was laureate of the Academic de M6decine, Paris, in 
1878. He reoeived Knighthood in 1911. In 1914 the University of Cambridge 
conferred on him the Hon. D.So. on the occasion of the opening of the new 
laboratories of Physiology and Psychology. 
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He disliked controversy, even to the extent of making some sacrifices to avoid 
it. He nevertheless took a prominent part in several new movements which 
proved to be memorable for science and medicine in this country. He eras one 
of the small group who in London in the spring of 1876founded the Physiological 
Sooiety, and was one of those entrusted with the drafting of its original con¬ 
stitution. He was elected to its Honorary Membership in the January after 
its Jubilee year 1926. With the ‘ Journal of Physiology ’ he was early associ¬ 
ated, and his name as a collaborator appeared on its title pages from 1893 until 
his death. He was one of the founders of * Brain.' On the suspension of the 
West Riding Asylum Reports, writes Sir James (Jrichton-Browne, referring to 
the changes consequent on his own retirement from Wakefield, it was Ferrier 
who urged that the work which the Reports had begun, should be in Borne form 
continued. It then came to be agreed that a ‘ Neurological Journal' should 
be started in London, and thus ‘ Brain ’ was launched in 1879, with, for its 
editorial staff, Sir John Bucknell, Dr. Crichton-Browne, Dr. David Ferrier and 
Dr. Hughhngs-Jackson. Soon attaining world-wide recognition, it passed later 
to management by the Neurological Society, on the starting in 1886 of that 
Society, of which again Ferrier was one of the founders, and President in 
1894. He was intimately connected with the Research Defence Society from 
its foundation in 1908 ; he served it as Honorary Treasurer, often presided at 
Committee, and had, in spite of declining health of late, persisted in attending 
its meetings. 

Perrier’s association with the Royal Society extended over many years. 
The Society encouraged his first work by granting a sum which enabled him 
to extend his observations to apes. It selected him for Croonian Lecturer 
in the two successive years 1873, 1874, altogether prior to his election to the 
Fellowship. An experimental biologist reviewing the record of the Croonian 
Foundation across the perspective given by Transatlantic distance has recently 
written: “ It is literally true that the history of muscle-physiology in tho 18th, 
19th and 20th centuries has been largely developed at these annual occasions," 
i.e., the Croonian Lectures of the Society, That remark stands valid not least 
for the two lectures by Ferrier. The award of a Royal Medal was made to 
him in 1890. He served on the Council for two successive years, 1886-1888, 
and a gain similarly ten years later. He was Chairman of the Sectional Com¬ 
mittee for Physiology and Medioal Subjects during the years 1909 and 1910. 
He was a Vice-President of the Society from 1906 to 1908. He continued to 
attend its meetings until even recently, and at the club dinners held after the 
meetings was a familiar presence. It is understood that from a fund now 
raised to memorialise him, a sum is tendered to the Society with the suggestion 
of founding there a Lecture bearing his name. 

Slight and erect in figure, genial and alert in bearing, the burden of yean 
long weighed lightly on him. A reflective quietude of voice and manner 
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tended to yell the undejlyisg energy, no lea a pat of tfa nutate* 
observer, keenly alive to mfin'and things, and not least to fflsthetiqs oi to 
homo nr, his talk could exert charm, and owed something to a certain piquant 
directness and penetrative simplicity enhanced by a remnant of accent from 
Aberdeen. It was after looking through a new and elaborate atlas of brain- 
charts that, as the writer remembers Well, his comment fell, “ We know to 
mnoh now,” accompanied by a qniudoal smile, commingling amusement, 
admiration and despair with just a suspicion of mistrust. More often there 
was nothing enigmatic about his talk. It would be clear-cut like his 
and replete with interest m the scientific events of the time. Walking from 
the cemetery on the day of Hughlinga-Jackson’s funeral in 1911 it is told of Mm 
that after silent occupation with his own thoughts for some minutes he tamed 
quickly to the younger friend beside him and said: “ Well, when I cease to 
take interest in things it will be time for me to go.” 

He married, in 1874, Constance, daughter of Mr. C. Waterlow, and to the 
kindness of Lady Ferrier is owing permission for the reproduction of 
the portrait prefixed to this obituary notice. There are two children 
of the marriage, a son and a daughter, of whom the former is the well-known 
architect, Mr. Claude Ferrier. 
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SIR AUBREY STRAHAN, 1852-1928. 

Sib Aubbey Stbahan, who was Director of the Geological Survey of Great 
Britain and of the Muse uni of Practical Geology, London, from 1914 till 1920, 
died at his residence, Fairfield, Goring, Oxfordshire, on March 4, 1928. Since 
his retirement from the Geological Survey he had resided mostly in the 
oountry, though he had taken an active part in geological affaire, and had saved 
on the Council of the Royal Society from 1921 to 1923, and on that of the 
Athenaum. His final illness was of short duration, and he is buned in the 
churchyard of Streatley, near hie home. 

Straiten was the son of Mr. Willialn Strahan, of Blackmons Hall, near 
HMmcMhli, and was bom on April 20,1802. At the age of 13 he was cent to 
Eton to the Rev. Herbert Snow’s house. In 1870 he left end entered at St. 
John's College, Cambridge, graduating in 1870* and taking Part II in the Natural 
Sciences Tripos. Ah that period St. John's was a toy active oentre of 
geological work and teaching, and Strahan decided at an early Mage to follow 
his natural hoot and devote himself to geo l og i cal wok. The fetching of 
Ronney and MoKeany Hughes, under the guidance of Sedgwiol^ apparently 
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* 3 Wted great ijffiaence on his mind, and among hie asaooiates of those years- 
w«e several who were destined to eohieve distinction in the geological world, 
rash as Tfcefl, Matr, BoBes and Clough. 

In May, 1875, Strahan joined the Geological Survey as a temporary 
assistant geologist, tinder Sir Andrew Ramsay. His first' field work 
was in south La n cas hi re and Cheshire^ then in Flintshire, where he was 
engaged, along with De Ranoe, in revising the mapping of the Carboniferous end 
Trtawdo rooks, end in an original survey of the superficial deposits. In 
connection with this work two papers appeared from his pen in the' Geological 
Msgasine ’ and the ‘ Quarterly Journal of the Geological Society of London' 
in the year 1879. The map in question, 79 N.W., was published in 1880, 
accompanied by a short explanatory memoir by Strahan, assisted by R. H- 
Tjddaman. He continued to work intermittently m tins district till 1890, when 
he published a descriptive account of the Flint, Mold and Ruthin Sheet 
(‘ Memoirs of the Geological Survey '), based on his own researches and those 
of & E. De Ranoe. In 1898 he returned to this subject, and published a 
Supplement to his memoir containing additional information regarding the 
extension of the coalfield. 

In 1886 the mapping of the superficial deposits of the Isle of Wight wee taken 
in hand by Strahan and Clement Reid, and Strahan at the same time revised 
the Secondary rooks, while Reid revised the Tertiary area. Thu resulted in the 
publication of a second edition of Bristow’s memoir on the Geology of the Isle- 
of Wight by Reid and Strahan in 1889, along with a new edition of the 
geological map on the scale of one inch to one mile (published 1888). 

Work was next transferred to the adjacent mainland, and Strahan and; 
Reid, in the same manner, revised the old mapping of Dorsetshire and Hamp¬ 
shire. The classic szea of Purbeck and Portland was assigned to Strahan, 
who spent several yean on this work. Its completion was marked by the 
publication of his memoir on the Geology of the Isle of Purbeok and Weymouth 
in 1898, which remains the standard description of that ground. An interesting 
feature of the book was a senes of photographic views which had been taken 
by Strahan, who was at that tune an enthusiastic photographer. The 
revised maps of thia area were issued in 1890 and 1896. 

The exigencies of official programmes of work were responsible for the 
transfer of Stratum's activities to Westmorland in 1888. In 1894 he again 
visited the north: the published maps of the Whitehaven coa lfie l d had 
proved unsatisfactory, and a revision was unavoidable. This was still 
incomplete, and, as many difficult problems were involved, Strahan waa 
sent north to hasten forward the task, a fact which shows that there was great 
oosfideaoe in his judgment and his executive abilities. The revised map waa 
published in 1890, hut no memoir was then prepared and no official description, 
has yet been issued of that ooalfie ld, mi omission probably to he explained by* 
vol. cm.—s. o 
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the great obsourity of many problems of stratigraphy arising from imperfect 
knowledge of the underground structure of the Carboniferous rocks. 

Meanwhile, much pressure was being brought to bear on the Geological 
Survey to prepare revised maps of the important coalfields. In South Wales 
the original survey was carried out between 1837 and 1845, and was very much 
out of date. Sir Architiald Geikie decided to institute a complete revision 
of the whole coalfield and Strahan was put in charge of the work. He began his 
re-survoy of that coalfield, in which he remained for the rest of hiB service bb a 
field geologist, in 1891, but he had no assistance till 1893, when he was joined 
by Dr. Walcot Gibson. Subsequently the work was accelerated by the 
allocation of four geologists to that district under the superintendence of Sir A. 
Strahan. Beginning at Newport in the east, they worked westwards sheet 
by sheet, and the memqirs were finally completed by the publication of the 
thirteenth volume in 1921 The geological maps on the scale of six inohes 
and one inch to one mile, and the accompanying explanatory memoirs, were 
all edited by Strahan, and to most of them he was an important contributor. 
On their* completion they formed the most authoritative account of any 
British coalfield that had appeared up to that date, and Bet a standard for future 
work that was of the highest quality. 

On the retirement of Sir Archibald Geikie from the Directorship of the 
Survey in 1901, Sir Jethro J. H. Teall was appointed his successor, and an 
extensive re-organisation was carried out, involving an increase of staff and a 
widening of the scope of the work Sir Aubrey Strahan now became District 
Geologist in charge ot the South Wales District. His abilities as an organiser 
were acknowledged on all hands, and he took a considerable part in amending 
the procedure and revising the details of Survey programmes. 

A Royal Commission was appointed in 1901 to report on the Coal Supplies 
of Great Britain. At first Strahan was not a member, and the Survey repre¬ 
sentative was Sir Jethro Teall: but Strahan ‘h work in South Wales was already 
recognised as of great importance, and in November, 1903, his name was 
added to the list of Commissioners. The report ultimately published remains 
the standard authority on the subject investigated, and much of its value is 
undoubtedly due to Strahan, who was the most experienced coalfield geologist 
on the Commission, and whose judgment on geological evidence was seldom at 
fault. He certainly devoted a vast amount of time and labour to this enquiry, 
and it not only brought him into prominence as an authority on the subject, 
but also broadened his information and his outlook on all questions of economic 
geology in Great Britain. 

In 1903 Strahan was elected a Fellow of the Royal Society, and in 1904 he 
was President of Section C (Geology) of the British Association at Cambridge. 
He chose for his address the Movements of Post-Carboniferous Age that had 
folded the rocks of England, giving special prominence to the tectonics of 
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British coalfields, and ot the Secondary and Tertiary strata ot the South of 
England This address showed very clearly hw special bent to structural held 
geology, which was throughout his career hih favourite subject of investigation 

In 1913 and 1914 Strahan was President of the Geological Society of London 
In this capaoity he delivered two notable addresses, (a) on the Configuration of 
the Paleozoic Platform that underlies tnc Secondary Rocks of the South and 
East of England, a question involving the possible occurrence of buried 
coalfields as yet undiw ovored, and (6) on Post Glacial Denudation The first 
of these addresses was on a subject that possessed great attraction for Strahan, 
and he returned to it in a lecture delivered to the Royal Institution in 191b 
The second related to an enquiry on the erosive a< tion of British rivers whuh 
was being carried on by a eommittie of the Royal Geographical Society, ot 
which Strahan was an active member 

Sir Jethro Teall retired from the Dirt < toiship of the Geological Survey in 
January, 1914 and Strahan was appointed to succeed him H< was thoroughly 
familiar with the duties, and might have looked forward to an epoch of 
peaceful development along well established lines , but with the outbreak of 
war, exacting calls were made upon his services The staff at first was largely 
depleted by volunteering for the forces, and soon it 1 m came t vident that the 
need for geological information was very insistent In every part of the war 
zones geological maps were required For example a special set of geological 
maps of Belgium had to be printed for the use of the British Staff, and ulti¬ 
mately geologists were attached to all the principal commands Many special 
problems also arose in connection with the development of trench warfare 
At home the demand for the raw materials for British industries, that had 
hitherto depended mainly on foreign sources of supply, immediately became 
of great importance Such minerals as wolfram tin ore, barytes, fireclay, 
siliceous refractories cannel coal oil shale manganese ore, lead and zinc ores, 
anhydrite, were required either for the manufacture of munitions or for indus 
trial uses Strahan was very much at home in this class of work, and speedily 
built up an organisation that met the d< mand satisfactorily Every British 
industry that was based on mineral supplies received attention , subsequently 
the information collected during this period formed the nucleus of a senes of 
Special Reports on the Mineral Resources of Great Britain, of which thirty 
volumes have now been published The lines which he laid down have be<n 
followed throughout, and have proved satisfactory This scries, together with 
his memoirs on the South Wales coalfield indicate Strahan’s position as one 
of the greatest contributors to our knowledge of the economic geology ot Great 
Britain 

He retired from active service m July, 1920 In 1919 he was made i 
K B E He had taken the degree of Sc D at Cambridge, and among the 
honours he had received was the degree of LL D (Toronto) He was Wollaston 
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medallist of the Geological Society m 1919 an honorary member of the 
Institution of M ining Engineers the Institution of Mining and Metallurgy 
the Institution of Petroleum Technologists and a corresponding member of 
the Geological Society of Belgium 

On his retirement his geological activities by no means ceased but he 
thoroughh enjoyed countr\ life and was greatly attached to his Oxfordshire 
home His final contribution to geological literature was a handbook to the 
Geological Model of the Goring district exhibited in the Museum of Practical 
Geology in which he showed his keen appreciation of the relation between 
physiographical features and the stratigraphy and tectonics of the district 
He had been familiar with that ground for man} years as in 1891 he had 
published a brief paper on the Phosphatic Chalk of Taplow 

There can be no doubt that when he elected to become a field geologist 
Sir Aubrey Strahan made a fortunate (hoice of a career Loving the life of the 
open air phyBicall} active and giftxd with a keen appreciation of natural 
scenery he enjoyed his work thoroughly Through his whole life he was 
immersed m the study of British stratigraphy and his other intellectual 
interests were subordinated He had no great appreciation of pabeontolog} 
or potrography which he left to his highly trained collaborators but hi was an 
excellent judge of a map To some extent this restricted his geological outlook 
but it was compensated by the special excellence of his cartographical work 
Painstaking methodical and diligent he was much trusted by his colleagues 
His admirable administrative abilities soon brought him to the fore and 
involved him m much activity that was not strictly scientific 

On committees Strahan was a very valuable member as his judgment was 
shrewd and dispassionate The economic applications of scientific research 
appealed to him strongly and he readily won the confidence of engineers and 
industrialists with whom he came mcontact Personally he was rather reserved 
and undemonstrative at first but those who knew him well valu< d his friendship 
very highU He was absolutely free from any tia< e of exaggeration and his 
statements wert carefully weighed concise and strictly rtlevant In private 
life he was a charming host and companion with an inexhaustible fund of 
reminiscences of British geologists and scientific men of all kinds and classes 
A day s tramp with him in country that ho knew well waB an experience sure 
to be remembered with deep appreciation and by the gleam of the firelight 
after a hard day s work all the genial and friendly side of his personality would 
come out rendering his conversation unforgettable to any voung geologist 
who had the privilege of his society 
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